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1 Introduction

This thesis describes the work | have undertaken as a member of the CMS
collaboration. | have been working on the test beam programme for the
Electromagnetic calorimeter and also studying direct photon production. The CMS
collaboration is composed of 145 institutions from 30 countries, with a total
membership of more than 1700 scientists who are al working towards the

construction of a general purpose detector for the Large Hadron Collider (LHC).

The LHC 7 TeV proton-proton collider is to be built at CERN, the European Centre
for Particle Physics where it will replace the existing LEP collider. The project is
currently (Spring 1999) in the final design and testing stages and it is expected that
construction will be complete and data taking will begin in the year 2005

1.1 The Standard M odel

Particle Symbol Charge Mass (MeV/c?)
electron e -1 0.511
electron neutrino Ve 0 <5.10°
muon u -1 105.7
muon neutrino vy 0 <0.17
tau T -1 1777
tau neutrino \ 0 <182

Table 1.1: Thethree generations of leptons.

In order to set the framework to which the study of photons at CMS will contribute it
is necessary to briefly consider the known elementary particles and the forces which

govern ther interactions. The mathematical description of this set of particles, their




antiparticle counterparts and the physical laws they obey is known as the Standard
Model.

In the Standard Model al matter is composed of point-like particles which have
values of spin equal to one half. These fermions, can be further divided into leptons
(Table 1.1) and quarks (Table 1.2). Both leptons and quarks can be grouped into three
‘generations’, the corresponding members of each generation having identical
properties except for mass. The reason for these generations is still unknown - most
matter in the universe is composed of particles from the first generation: ‘up’ and
‘down’ quarks combine to form the protons (uud) and neutrons (udd) that make up the
nuclei of atoms: and electrons orbit the nuclei, giving atoms their chemica and
material properties. The heavier versions of the quarks and leptons can be found in
cosmic rays and can be created in particle accelerators. There is also the possibility
that the ‘dark matter’ which is thought to make up some of the universe may be

composed of some exotic, unknown particles.

Particle Symbol Charge Mass (MeV/c?)
up u +2/3 1.5-5
down d -1/3 39
charm C +2/3 1100-1400
strange S -1/3 505
top t +2/3 173800
bottom b -1/3 4100-4400

Table 1.2: The three generations of quarks.

Governing how these particles interact are the four known forces. Electromagnetic,
Weak, Strong and Gravitational. Each of these forces is mediated by particles with
integer values of spin, known as bosons (Table 1.3). For example particles with
electric charge interact through the electromagnetic force mediated by the photon.
Weak interactions proceed through the exchange of a W or Z boson. The
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electromagnetic and the weak force are treated theoretically as two aspects of one
Electroweak force.

The Gravitational force has been known about for longer than the other three forces
and the general theory of relativity correctly describes large scale gravitational effects.
However, there is as yet no well developed quantum theory of gravitation.
Gravitational radiation is expected to exist although it has not yet been observed
directly. The quantum of the radiation has been called the graviton before observation.
The nature of the gravitational field impliesthat it will be aspin-2 particle.

Boson Symbol Force Electric Charge | Mass (MeV/c?)
photon Y Electromagnetic 0 0
wW wW Weak +1 80410
Z Z Weak 0 91187
gluon g Strong 0 0
graviton ? Gravitational 0 0

Table 1.3: Bosons and the forces they mediate.

Quarks are never found in isolation but are confined within composite particles such
as the proton. These composite particles also contain many gluons, which interact
with the quarks and with each other. The gluons are the mediators of the Strong force,
which is responsible for binding the proton together and also binding protons and

neutrons together in the atomic nucleus.

The Strong force introduces a new type of quantum number called colour. Colour is
analogous to the electromagnetic charge but has three facets. Quarks can be red,
green, or blue and antiquarks are antired, antigreen, or antiblue. The gluons can be
thought of as carrying these characteristics by being a mixture of colour and
anticolour, which enables them to exchange colour between two quarks. This is
noticeably different to electromagnetism where the photons do not themselves carry
charge. Only colourless particles are allowed to exist freely in nature. Therefore

guarks only exist in quark-antiquark states called mesons, in which the colour charges
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cancel, or in three quark states called baryons, in which red, green and blue form a
colourless combination. More generally the term hadron is used to refer to any

particle that is composed of quarks, whether baryon or meson.

The Standard Model is a stable and consistent structure which explains most of the
fundamental behaviour of particles and forces extremely well. However there are till
some important questions to be addressed. Are quarks and leptons really
fundamental? Why does there seem to be more matter than antimatter in the
Universe? Why are there three generations of matter particles? Why are there huge
mass differences between the three generations? Even more importantly, what is the

origin of mass?

The Standard Model incorporates the idea that massive fundamental particles acquire
their mass via an interaction with afield which is postulated to fill al of space. Thisis
known as the Higgs field. The principal reason for building the LHC is to find direct
evidence for the existence of the Higgs field by producing and detecting its associated
particle, the Higgs boson. There may be one Higgs boson or there may be more.
Supersymmetric theories require charged as well as neutral Higgs bosons. It is aso
possible that the Higgs boson does not exist. If it does not exist then something else
must be the origin of mass and hopefully the LHC would discover that.

The Higgs boson is expected to decay with a very short lifetime, and so will be
detected by measuring its decay products. The modes of decay are dependent on the
mass of the Higgs, which is poorly constrained by presently available data. The CMS
experiment is designed to be able to detect the Higgs via different decay modes. An
important oneis H — 77, sincethisislikely to be the easiest to detect if the Higgsis
light which is favoured by current experiments. High quality photon detection
capability is vital for CMS, contributing to the Higgs boson search and many of the

other aims of the experiment.

1.2 Variablesfor Hadron Collider Physics

It is important to define a set of variables which are used in the study of high energy
hadron-hadron interactions. The standard phase space variables of energy (E),

momentum (p), polar angle (6) and azimuthal angle (¢) can be used, however, the
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nature of hadron colliders makes the introduction of some additional quantities
advisable.

A significant feature of hadron colliders is that while the hadrons can be given equal
and opposite momenta, there is an inherent uncertainty in the momenta of the partons
which interact. Unlike electron-positron (e€") colliders, where the two colliding
particles and their momenta can be well defined, the quark and gluon substructure of
the proton implies that we cannot predetermine which partons will interact and what
momentum they will have. This means that in the lab, or detector, frame the momenta
along the beam axis, which is defined to be in the z direction, will usually not sum to

zero and the system will be Lorentz boosted.

In the transverse (X - y) plane however, we expect that the final state momenta will
cancel, astheinitia state transverse momenta are negligible. Therefore we define the

transverse momentum and energy:

pr =P+ P (12)

E, =E - p? (12)

which become important variables for collider physics. Note that if the particle mass

m << E, or for massless particles such as the photon,

E,=p, =Esing (1.3)

The Lorentz boost also motivates an alternative to the polar angle 6 because 6 is not
Lorentz invariant. For a relativistic particle with four-momentum (E, px, py, p;) we

define the rapidity, y:

y=1 n[ﬂj (1.4)
p
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which transforms under a Lorentz boost as y — y+ [constant], thereby preserving the

shape of the rapidity distribution under the boost. Again, if the mass of a particle is
much

less than its energy we can simplify y to give the pseudorapidity, n:
n= —Intan(gj (1.5

Thus a pseudorapidity of n = O corresponds to 6 = 90 degrees from the beam (2
direction increasing to « (-e0) as the angle grows nearer to the + z (-z) direction.
Because the condition m << E is a good approximation for high energy photons and

jets, the pseudorapidity is used almost exclusively and is often referred to smply as
the rapidity.
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2 TheLHC and the CM S Detector

2.1 TheLargeHadron Collider

Figure 2.1: Schematic showing the LHC ring together with experimental caverns and machine
utilities. Underground access to the ring is available at the points marked 1 to 8. The proposed
experiment positions are also marked.

The LHC will be constructed in the 27km LEP tunnel when LEP finishes its final run
in 2000. It isaring of superconducting magnets which deflect and focus two beams of
protons circulating in opposite directions. The LHC is composed of eight arcs that are
separated by 528m long straight sections. In these sections will be the housings for
the machine equipment and detectors, they will aso include the four main points
where the beams cross and the experiments are situated. Two of the experiments that
will be built are genera purpose detectors and two will be specialised detectors. A
schematic of the LHC isshown in Figure 2.1.
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The Atlag[1] and CM S 2] experiments are general purpose detectors and they will be
built at points 1 and 5 respectively. At access points 2 and 8 will be Aliceg[3], a
dedicated heavy ion experiment and LHC-B[4], a specialised B-physics detector.

211 The LHC Performance and Par ameters

The main parameters of the LHC are listed in table 2.1 for standard proton-proton

beams.

Centre of massenergy (TeV) 14
Magnetic field in bending magnets (T) 84
Design luminosity (cm?st) 10*
Number of bunches per beam 2835
Bunch Spacing (m/ns) 75/25
Number of particles per bunch 10"
Stored beam energy (MJ) 334

Table 2.1: Main LHC parameters for proton-proton running.

During standard running at the LHC two beams of protons will collide every 25ns at
points 1 and 5. They will collide in bunches of ~ 10" particles with a combined centre
of mass energy of 14 TeV. The LHC has a design luminosity of 10** cm? s but
before thisis reached there will be 2-3 years of low luminosity running at 102 cm? s
1

Each superconducting magnet in the ring will require a magnetic field of 8.4 Tedato
provide sufficient control and bending for the 7 TeV proton beams. Each of the eight
arcs of the LHC has 23 magnetic sections or ‘lattice periods. Each lattice period
consists of two symmetric halves of three 14.2m dipole bending magnets and a single

guadrupole magnet.
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A cycle of the LHC commences with bunches of protons injected singly into each of
the four CERN PS booster rings. Within the PS the bunches are combined and
accelerated up to a single bunch at an energy of 26 GeV. A 40MHz RF system then
‘captures’ each bunch and injects it into the CERN SPS. This is repeated three times
which results in three bunches within the SPS separated by the LHC 25ns timing. A
full SPS could hold eleven bunches. The proton beam is then injected from the SPS
into the LHC with an initial energy of 450 Gev. The acceleration to 7 TeV then takes
approximately 20 minutes [5]. The predicted time between LHC refills is about 7
hours. During this time the beam luminosity will fall to about 60% of itsinitial value.

2.1.2 Engineering L ayout

The four straight sections of the LHC, not used for siting experiments, will be used
for machine utilities. Points 3 and 7 will be used for beam cleaning. The cleaning
systems are composed of collimators which will remove any particles that fall outside
the defined aperture and dump them safely into appropriate shielding. The *halo’ of
particles outside the aperture is fed by 10° protons per second. Only 10° of these
protons would be needed to heat up the superconducting magnets to the point where a
guench would occur. Therefore it is important that the cleaning is effective to better
than 0.1%.

At position 4 is the LHC RF acceleration system. It will be composed of eight
superconducting cavities and will operate at 400.8MHz [6]. There are two parallel
systems so that protons and lead ions may be accelerated separately. This acceleration
system is housed at the end of a straight section to allow another experiment to be

inserted if necessary at alater date.

Position 6 will contain the beam dump apparatus which will be used to deal with the
beams when they are exhausted. Each bunch train has a small gap of 3 us left in it
which allows the beam to be gected from the ring at the appropriate time. The beam
is then directed to a separate cavern 750m downstream where it will be swept

backward and forward across the face of carbon dump blocks.
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2.1.3 The Magnet and Cryogenic Systems

About two thirds of the length of the LHC contains superconducting dipole magnets,
one of which can be seen in Figure 2.2. Twin apertures for the particle beams are
found at the centre of each dipole. These apertures are surrounded by an iron return

yoke and a

Figure 2.2: (a) A cross section of the machine tunnel showing the twin aperture dipole
magnet. To the left is the cryogenic cooling feed system and on top a repositioned LEP
guadrupole. (b) Close up of a dipole magnet and cryostat. (1) Beam Screen,(2) Cold Bore, (3)
Cold mass at 1.9K, (4) Radiative insulation, (5) Thermal shield (55 to 75K), (6) Support Post,
(7) Vacuum Vessel, (8) Alignment target.

cryostat. The cryostat maintains a temperature of 1.9K, which will alow the
superconducting NbTi cable to pass the current necessary to achieve the required 8.4T
field. The cryostat consists of a bath of superfluid “He pressurised to 1 bar. The inner
cryostat is surrounded by further heat shields at 55K and 75K. All the cryogenic
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systems will be fed from the even numbered utility chambers using existing LEP [7]
equipment.

2.2 The CM S Detector and its Physics Goals

The Compact Muon Solenoid (CMS) is one of two general purpose experiments for
the LHC which have been optimised for the discovery and investigation of the
Standard Model Higgs Boson over a very large mass range. It will also be possible to
detect the signatures of other possible electroweak symmetry breaking mechanisms
such as the light supersymmetric Higgs bosons. The CMS detector has very different

physics goals for the periods of low and high luminosity.

221 High Luminosity

The search for the Higgs boson will dominate the high luminosity running. Standard
Model predictions of electroweak observables depend on the mass of heavy objects
such as the top quark and the Higgs boson via their contributions to higher order
diagrams, or loop corrections. The LEP Electroweak Working Group have performed

fitsof alarge
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Figure 2.3 Predictions of the Higgs mass from fits to current experimental data (a) x° as a
function of my for the latest electroweak data [8]. The band represents an estimate of
theoretical error from higher order corrections. (b) 68% confidence level contours in m; my
for fitsto LEP data (dashed line) and all dataincluding CDF/DO (solid line).
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number of observations to the Standard Model, including higher order corrections.
These fits can be used to constrain the Higgs mass in the Standard Model. The Higgs
boson mass has current 95% C.L. bounds of 89.2GeV < my < 262 GeV|[8]. Figure 2.3
shows these bounds using data from the LEP experiments. In the intermediate mass
range my = 80 to 150 GeV the H — yy decay mode, despite its small branching ratio,
provides a distinctive signature for its discovery at the LHC. This has resulted in the

design of a very high resolution crystal calorimeter with excellent photon angular
separation. Contours giving the cross-section times branching ratio required to give
specified signal significances (NgVNg) for this channel at low and high luminosities
are shown in Figure 2.4. One year of high luminosity running could see a discovery
over the whole intermediate mass range while three years running at low luminosity

could see adiscovery over a constrained mass range of 95 < my < 150 GeV.

3 [ 5 -1 /.-Q\ 4 -1
N’ vS=14TeV, JLdt=10" pb E vS=14TeV, SLAt=3X10" pb
) )
o 200 6 200
1005 100
50+ 50
—— Standard model H°
»0. — Stondord model H° 20
80 Qb 160 11‘0 12‘0 1:"30 14‘1-0 150 80 Qb 160 11‘0 1&0 130 14‘1—0 150
Mass (GeV) Mass (GeV)
(a) (b)

Figure 2.4: Higgs boson signal significances as a function of my, against isa-significance

contours for the decay H—y vy for (a) high (10°pb™) and (b) low (3x10°pb™) luminosity
running.

2.2.2 Low Luminosity
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The first two or three years of running will be at a reduced luminosity of =~ 10* cm™
s*. During this period extensive studies of beauty and top physics will be undertaken
as well as searches for the Higgs boson. B physics at CMS essentially means CP-
violation studies defined by

r(B°— f)=T(B°— f) (2.1)
It has been shown at the Tevatron that hadron colliders can extract the channels

B— J/WK?, J/WPK*, and J/¥K” (2.2)

with good signal to noise ratios[2]. The LHC will produce between 10*? and 10" bb
pairs and this will allow CP-violation to be studied in these modes which have
relatively small branching ratios O (10°-10"). Other topics will be studied in addition
to CP-violation. These will include prompt photon production, anomalous gauge
couplings and searches for very heavy Higgs bosons.

2.3 The CM S Detector

The CMS Detector at point 5 of LHC
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Figure 2.5: Overall view of the CM S detector.
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The concept of a compact detector for LHC was presented in October 1990 at the
LHC workshop in Aachen [9]. The requirement for a compact design led to the choice
of a strong magnetic field generated by a solenoid. In March 1992, at the Evian
meeting [10], a conceptual design of the complete detector was presented as an
Expression of Interest by the proto-collaboration comprising 49 institutions. The

design goals were defined as follows:

e along superconducting solenoid, with a large radius such that both the central
tracking and calorimetry can be contained in its bore and providing a high
magnetic field (4T),

e avery good and redundant muon system,
o the best possible electromagnetic calorimeter (ECAL) consistent with the above,

e acentral tracking detector that allows the reconstruction of charged particle tracks

and a precise measurement of momenta,

e arobust and cost effective detector.
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Figure 2.6: Schematic view of one quadrant of the calorimetry and tracking system.
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In October 1992 a Letter of Intent signed by 443 members from 62 institutes was
submitted to the LHC Committee (LHCC). On January 19" 1995 the open
presentation of the CMS Technical Proposal [2] took place. The detector is now at an
advanced stage of design and subdetector prototype testing.

A three-dimensional view of the CMS detector is shown in Figure 2.5. Figure 2.6
shows a longitudinal cut through the CMS detector but excluding the very forward
calorimeters and the muon system. Here the geometry of the detector is described in
terms of the z co-ordinate, which is parallel to the beam axis with the origin located at

the nominal interaction point, and pseudorapdity n.

The CMS detector can generally be divided into a barrel region and two identical
endcap regions. The central element of the CMS detector is a 13m long,
superconducting solenoid generating a uniform magnetic field of 4 T. The magnetic
flux is returned through a 1.5m thick saturated iron yoke instrumented with muon
chambers. Located within the solenoid bore are the central tracker and both the
electromagnetic (ECAL) and hadron (HCAL) calorimeters. The high magnetic field
strength allows precision inner and muon tracking, and results in a large fraction of
the relatively soft charged tracks from minimum bias events being contained in the
innermost region of the tracker. This aids track reconstruction and reduces pile-up in
the ECAL. The overal length, excluding the very forward calorimeters, will be 21.6m
and the radius will be 7.5m. The detector will weigh approximately 12500 tonnes.

M agnet

The focal point of the design of the CM S detector is a superconducting magnet which
can generate a uniform 4 Tesla field. This field strength is necessary to provide the
bending power for the inner tracker and the muon chambers. The magnet is 13m long
with an inner radius of 2.95m. Figure 2.7 shows the superconducting coil and also the
return yoke. The return yoke is made of 1.8m thick iron and as well as returning the
magnetic flux it is instrumented with muon chamberg[12]. The total weight, including
the coil, is ~12000 tonnes. The magnet is used as the principal support structure for al

the other detectors.
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Endcap Return
Yokes

Barrel
Return Yoke

Figure 2.7: Three dimensional view of the CM'S magnet. The yoke is shown open revealing
the superconducting coil.

The cut away view of the coil and aring from the barrel yoke is shownin Fig 2.8. The
complete yoke will be composed a barrel of five such rings and also two endcap
sections. The barrel yoke is a twelve-sided cylindrical structure 11m in length,
subdivided into 5 rings of ~2.2m in length. The central ring, centred on the interaction
point, supports the superconducting coil. Each barrel ring is made of 3 iron layers,
connecting brackets hold them together and provide structural rigidity. Each endcap
yoke is built from 3 independent discs which can be separated to provide access to the
forward muon chambers. Due to the axial magnetic field the inner two discs must
withstand a large attracting force and resist the large bending moments induced and
are therefore much thicker than the outer disc. The vacuum tank is made of stainless
steel and houses the superconducting coil. The superconducting coil is of a unique self
supporting design[12] resisting the magnetic forces where they are produced, which
reduces the stresses in the insulation. The diagram also shows the cryogenic system,
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which is used to keep the magnet below the critical quench temperature of 4.2K. The
magnet will be assembled in ahall at ground level and after thorough testing it will be
lowered into the access shaft ready for installation.

Helium Transfer Line 7

Current Leads

Vacuum Pumping Line

Yoke Lentral Ring

Figure 2.8: Cut-away view showing the exposed coil, yolk and support services.

231 Central Tracking

The central tracking system is designed to reconstruct isolated high pr muons,
electrons and hadrons with an efficiency that is better than 95%, and high p; tracks
within jets with an efficiency of better than 90% over a pseudorapidity range 0< [n|
<2.6. It will aso enable a measurement of the z-coordinate of the primary vertex to be
made. Thisisessential for efficient b-tagging.
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The main problem for the tracker will be pattern recognition: it needs to be able to
recognise the few tracks with a p; > 2GeV from an average of 500 soft tracks
superimposed upon them. In addition to the problem of pattern recognition the levels
of radiation will be very high due to primary interactions around the collision region.
A high flux of neutrons that originate from nuclear interactions in the electromagnetic

calorimeter will also fill the tracker volume.

These considerations lead to an inner tracking system incorporating three
complementary technologies, a combination of silicon pixel detectors (SPDs), silicon
microstrip detectors (SMSDs), and microstrip gas chambers (MSGCs). The layout of
the CMS tracker is shown in Figure 2.9. [13]. Each technology has high granularity
and precision. The excellent granularity ensures efficient pattern recognition at high
luminosity. The precision provides the best momentum resolution. Both the detectors
and read-out systems are radiation resistant to enable them to withstand the high

fluence of neutrons, photons, and charged particles in the tracking cavity.

||||I|I|I||I||:|: |||||||\||| I

|
|

MSGCs Si - Pixels Si - Strips
| |

-3.0 Z (m) +3.0

Figure 2.9: Schematic of the inner tracker showing the three technologies used. Silicon pixel
detectors are followed by silicon microstrips and finally by microstrip gas chambers.

The entire tracker is contained in a cylindrical volume of 1.3m radius with alength of

approximately 6m. The tracker is subdivided into barrel and endcaps. A momentum
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resolutionof A p;/ pr =0.1p: (pr inTeV) [2] isrequired for isolated charged leptons
in the central rapidity region. This will alow the measurement of the charge of the
lepton up to pr = 2 TeV. It will also alow frequent in situ calibration of every cell in
the electromagnetic calorimeter, needed to maintain the high energy resolution of the
calorimeter, using the high rate of precisely measured electrons from W and Z decays.

A silicon pixel detector is situated closest to the interaction point. It consists of two
layers in the barrel and three layers in the endcaps. It provides assistance in pattern
recognition, leading to a much improved z-resolution in the barrel. The silicon pixel
detector is placed in a very harsh radiation environment where it must withstand
particle fluences in excess of 10" n/ cm? After about five years in this environment it

may be necessary to replace the detector.

Surrounded the SPD are three layers of silicon microstrip detectors instrumenting the
intermediate radial region between 20.5cm < r < 40cm. They provide at least three
measurements in r-¢ with a position resolution of ~15um and two position

measurements in the r-z plane with aresolution of better than 1mm [11].

The silicon microstrip detectors are in turn surrounded by planes of MSGCs. These
consist of anode and cathode strips mounted on a glass substrate in an atmosphere of
pure DME gas. They provide at least seven position measurements for high p; tracks

aswell asthree hitsinr-z.

2.3.2 Electromagnetic Calorimeter

The primary function of the ECAL is the precise measurement of the energy of both
electrons and photons, and in conjunction with the HCAL, the measurement of jets.
The large solenoid bore enables both the ECAL and HCAL to be positioned inside the
coil where their performance is not degraded by particle showers starting in the coil
material. The choice of detection technique and design of the ECAL are largely
determined by the desire to cleanly detect the intermediate mass Higgs decaying into
two photons [15]. The natural width for the intermediate mass Higgs boson (80 —
140GeV) is rather small (< 10 GeV), and hence the observability of the two photon

decay is strongly dependent on the electromagnetic energy resolution. Thus the
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benchmark against which the performance of the ECAL is measured is the di-photon
mass resolution. The dependence of the di-photon mass resolution on the energy and

angular resolution is given in equation 2.3

o o
v | "B g E g e 2.3)
M | E E, tan(6/2)

where E; and E; are the energies of the two photonsin GeV and 0 isin radians. The

electromagnetic energy resolution is usually parameterised as:

Oe _|_& On
?_[E@b@ E} (2.4)

where a is the stochastic term, b the constant term and ¢ \ the energy equivalent of
noise. The energy resolution in the ECAL is dependent on intrinsic fluctuations in the
shower process. A homogeneous caorimeter will have better resolution than a
sampling calorimeter. A sampling calorimeter does not register everything that takes
place so therefore these fluctuations are more pronounced. Two main processes
contribute to the stochastic term, the first is shower containment and the second
photostatistics. The most significant of the several processes that affect the constant
term is the longitudinal uniformity of the light yield. The processes that contribute to
these terms are discussed in more detail in chapter 3.

The LHC bunch crossing interval of 25ns dictates that the material must have a fast
response time. The material must also be resistant to both neutrons and charged
particles because of the radiation environment at the LHC. In addition a large
geometrical acceptance, fine granularity and a large dynamic range are required.

Both fully active and sampling ECALs were initialy considered. It is difficult to
achieve a stochastic term of below 10%/VE with a sampling ECAL. However, with
many active media it is possible to achieve stochastic terms as low as 2%/E.
Following excellent results obtained during August 1994 with a matrix of 6x6 lead
tungstate (PbWO,) crystals the decision on the material for the electromagnetic
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calorimeter was taken. The small Moliere radius (2.2cm) and short radiation length
(0.89cm) of PbWO,4, mean that the volume of material required to incorporate 25 X is
much less than with other commonly used scintillators. This leads to a compact design
for the ECAL. In addition the fast emission time for the scintillation light (5 —15ns)
means that most of the light can be collected within the bunch crossing time of 25ns,
thus reducing the problem of signal pile-up. A more detailed description of the
electromagnetic calorimeter is available in Chapter 3.

2.3.3 Hadron Calorimeter

The Hadron Caorimeter (HCAL) is dituated between the ECAL and the
superconducting solenoid coil. Together with the ECAL its primary functions are to
measure the energies and directions of particle jets, and to provide hermetic coverage
for accurate measurement of missing transverse energy. This leads to the following
design requirements for the CMS hadron calorimeter system: good hermeticity, good
transverse granularity, moderate energy resolution and sufficient depth for hadronic

shower contai nment.

The HCAL consists of a barrel 9m in length with inner/outer radii of ~2 —3m which
covers the pseudorapidity range to n = 1.3 — 1.5. Two endcaps increase the HCAL
coverage to n| = 3.0 where the VFCAL takes over.

The HCAL is situated inside the magnetic field and it therefore must be built from
non-magnetic components. A sampling calorimeter has been chosen which has
copper plates as the absorber and plastic scintillator, read out with embedded
wavelength shifting fibres, as the active medium. The copper plates are 4cm thick in
the barrel and 8cm thick in the endcaps. The scintillator tiles are 4mm thick in both
regions. The readout of the optical signal from the fibres is done with hybrid

photodetectors [16] which can operate successfully in the radiation environment.

The barrel of the HCAL will be made of two identical sections, which will be bolted
together in the centre of the detector. Each half-barrel consists of 18 identical wedges
that are constructed out of flat absorber plates, orientated parallel to the beam axis.
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The absorber plates are 50mm thick. The scintillator tiles in each layer are divided

into towers with alateral granularity of An x A¢ = 0.087 x 0.087 for n| < 2.

The body of the calorimeter is copper but the inner and outer plates are of stainless
steel. The copper plates are bolted together in a staggered gap/absorber structure that

ensures there is no projective dead materia for the full radial extent of awedge.

The endcap has the same 18 fold segmentation in ¢. As in the barrel the inner and
outermost plates are made of stainless steel for strength. The endcaps are composed of

staggered copper plates bolted together in 10 degree sectors.

To ensure sufficient depth for hadronic shower containment in the barrel region a
‘tailcatcher’ [17] of two additional layers of scintillator is positioned either side of the
first iron flux return layer. The tailcatcher increases the total calorimetry depthto a
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Figure 2.10: Total thicknessin absorption lengths of the calorimeter system.

minimum of 10\ over the pseudorapidity range O< n| <3.0. It improves the energy
measurement for late devel oping hadron showers and hence the capability of the CMS

detector to accurately define any missing energy in the event.

Owing to the extreme radiation conditions the endcap scintillator is not expected to
last the LHC ‘lifetime’ of ten years. It will have to be replaced after about five years,
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the time being dependent on the integrated luminosity. No problems of this nature are
foreseen for the barrel region.

234 Very Forward Calorimeter

The Very Forward Caorimeter, VFCAL, provides an improved measurement of the
missing transverse energy. This is especially important for the study of top quark
production and Standard Model and SUSY Higgs searches. The VFCAL also enables
the identification of very forward jets. This is very important in searches for a heavy
Higgs (My ~ 1TeV) boson. The production of the Higgs in this range, through the
WW or ZZ, fuson mechanism, is characterised by two forward jets. Tagging these

jets helps to suppress the large QCD, W, Z, and jets backgrounds [18].

Because of the exceptionally harsh radiation environment forward of n| = 3 it is
essential that the detector and its read-out be immune to induced radioactivity and

insensitive to high neutron fluences.

The VFCAL islocated at z =+ 11.10m from the interaction point in both forward and
backward directions [19] and it is designed to cover the pseudorapidity range 3.0 < n|
< 5.0. The VFCAL is constructed of blocks of copper embedded with quartz fibres
[20] that run parallel to the beam. High purity quartz is ideal for these working
conditions as it is very radiation hard [21]. Charged particles hitting the copper
absorber initiate electromagnetic showers which in turn produce Cherenkov light in
the fibres. The light continues down the outside edge of the copper block where it is
read out by a photodetector. To reduce the effects of radiation the photomultipliers

and electronics are located to the sides of the calorimeter.

2.35 Muon Chambers

The detection of muons is of great importance because they provide some of the
cleanest signals of awide variety of new physics processes at the LHC. Therefore, the
ability to trigger on and reconstruct muons at the highest luminosities and with alarge

angular coverage is central to the design of the CM S detector. The CM'S muon system
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consists of abarrel region (0 < | n| < 1.3) which overlaps with two endcap regions (0.9
<|m| < 2.4). This enables identification of muons from p; = 5GeV to severa TeV ina

large rapidity interval.

The purpose of the muon chambers is to provide muon identification, a trigger, and
momentum measurements. It is important that the detector has excellent timing
capability, a good position resolution and efficient track recognition. The CM S muon

system uses three different technol ogies to detect and measure the muong[22].

In the barrel region the muon detector is based on a system of drift tube detectors
(DTs) and resistive plate chambers (RPCs) that are arranged in four concentric
‘stations’. These stations are inserted in the iron flux return yoke, which also serves as

the absorber for muon identification.

Figure 2.11 shows a transverse view of the four separate stations of the barrel muon
system inserted into the magnetic return yoke. The barrel muon stations contain atotal
of 12 drift chambers. Eight of these chambers measure the r-¢ coordinate and define

the bunch crossing while the other four chambers measure the z coordinate. The RPC

MF1B

Figure 2.11: Cross sections of the CMS muon system. On the left are the barrel muon
stations M S1-M $4 and on the right those of the endcaps, MF1-MFA4.
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trigger modules have excellent timing and momentum resolution. They are used to
provide afirst level trigger for arange of muon p;s.

The muon stations in the endcaps are made of six layers of cathode strip chambers
(CSCs). These are able to provide excellent spatial precision and timing information
in the presence of a high magnetic field and at high particle rates. Each station
provides a minimum of three sets of measurements on the muon track outside the

central solenoid volume.

The muon system has to be flexible so as to handle a wide range of conditions
including variations in luminosity, the magnetic field and chamber alignment. It must
also have sufficient redundancy in order to deal with pile-up, punch-through, muon

secondaries, backgrounds and noise.

24 Trigger and DAQ

The CMS Trigger and Data Acquisition System (TRIDAS) [2], must select and store
events that may contain signals of new physics. The events of interest must be picked
out from the vast background of Standard Model processes that will occur at the LHC.
With the LHC running at its design luminosity of 10* cm? s* there will be an average
of 20 inelastic events occurring every 25ns, the beam crossing interval. Thisinput rate
of ~ 1GHz at high luminosity has to be reduced to less than 100Hz, the upper limit
that could be archived for off-line analysis. Therefore a highly tuned TRIDAS is
required to trigger on the characteristics of events that appear interesting. This

triggering occurs in three stages.

The Level-1 trigger system bases its decisions on the local information concerning the
presence of ‘trigger-objects’ such as photons, e ectrons, muons and jets in addition to
the sums of visible and missing transverse energy. It operates on a subset of the data
collected at each bunch crossing. It reduces the event rate to less than 100kHz which

is the maximum rate that the Level-2 trigger can accept.

The events that pass the first level trigger are then passed on to a second level trigger.
Here the first level thresholds are applied again but using the complete detector

granularity. Thiswill reduce the event rate by a factor of ten.

33



After a Level-2 positive decision which is again based on a subset of the data
collected, the third level trigger will reconstruct the whole event and implement a
final set of cuts to provide a reduction to an event rate of between 10Hz and 100Hz.

The data can then be written to permanent storage for off-line anaysis.

The CMS muon trigger is required to identify muons, measure their transverse
momentum, pr, and determine the bunch crossing from which they originated. Other
‘trigger objects are measured by the calorimeter trigger. The muon and calorimeter
triggers work independently of each other for Level-1 and then together for levels 2

and 3 to reduce the event rate to an amount that is small enough to be stored.

3 ECAL Test Beam Sudies

3.1 The Electromagnetic Calorimeter

311 M echanical Design

Figure 3.1: A 3-D view of the electromagnetic calorimeter.
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The CMS electromagnetic calorimeter design described in this thesis is for that
contained in the Technical Design Report [13]. The ECAL contains ~ 80,000 lead
tungstate crystals arranged into a barrel region covering the rapidity region n| < 1.48
and two endcaps covering 1.48 < n| < 3.0. The gaps between the barrel and the
endcaps, which can be seen in Figure 2.6, contain the support manifolds and are used
to route the central tracker and preshower cabling. Table 3.1 summarises the various
design parameters for the CMS ECAL [13].

Parameter Barrel Endcap
Coverage n<148 148<|<3.0
Finner, Fouter (MM) 1290, 1750 375, 1711
Zinner, Zouter (IMM) 0, +3045 3170, 3900
Granularity: An x Ad 0.0174 x 0.0174 variable
Crystal dimension (mm®) 21.8 x 21.8 x 230 24.7 x 24.7 x 220
Depthin Xo 25.8 24.7
Number of crystals 61200 2x 10764
Total crystal volume (m®) 8.14 3.2
Total crystal mass (tonnes) 67.4 25
Modularity 36 supermodules ~600 supercrystals
comprising of 1700 crystals containing 36 crystals
(20in ¢, 85inn)

Table 3.1: ECAL design parameters.

3.1.1.1 The Barrel

The PbWO, crystals used in the barrel region have a projective geometry with the

front face of each crystal having a square section of 21.8 x 21.8 mm?. The length of
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crystals is 23 cm, which corresponds to 25.8 X,. The crystals are mounted in a
geometry off-pointing to the mean position of the primary interaction vertex with a 3°
tilt in ¢ and m. This limits the effects of inter-crystal gaps, which if pointed at the
vertex, would lead to tails in the measured energy distributions. The barrel will be
constructed in two halves. Each half barrel will be constructed from 18 supermodul es
each subtending 20° in ¢. Each supermodule is comprised of four ‘baskets' with an
amost equal number of crystals. Baskets contain 400 or 500 crystals divided into
alveolar submodules of 10 crystals. Figure 3.2 [13] shows a schematic of an alveolar
submodule. A ferrule (not shown) positions the monitoring optical fibre inside each
cell before crystal insertion. Once the 10 crystal subunits are inserted the alveoli are
closed with an aluminium tablet. Foam on the bottom of the unit takes the pressure
exerted by the tablet.

Rear Setpins Tablet

2x 5 Crystals

Alveolar
Container

Submodule
10 subunits, Alveolar container, Foam, 10 Ferrule holders (not shown),
2 Front Setpins (not shown), Tablet, 2 Rear Setpins

Figure 3.2: ECAL submodule assembly.
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3.1.1.2 The Endcaps

The endcaps cover the pseudorapidity region from 1.48 to 3.0. The design of the
endcaps foresees precision electromagnetic calorimetry measurements up to | = 2.5,
matching the inner tracker system. However, crystals will be installed up to n| = 3.0

in order to augment the energy-flow measurement in the forward direction.

The PbWOQ, crystals used in the two endcaps have a square front face of 24.7 x 24.7
mm?, a square back face of 25.9 x 25.9 mm? and a length of 220 mm (24.7 X) with
tapered sides providing an endcap with projective geometry. The basic detector unit is
a glass fibre alveolar container, which houses a 6 x 6 array of crystals. 320 of these
identical units, called supercrystals, will be used to cover approximately 90% of the
endcap area. The remaining regions situated around the barrel/endcap transition and
the perimeter, at n| = 3.0, will be covered by subsections extracted from the basic 6x

6 unit.
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Figure 3.3: A single endcap with Dees apart.
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312 The Radiation Environment

At a luminosity of 10**cm?s?® about 10° inelastic proton-proton interactions per
second will generate a hostile radiation environment. Fig. 3.4 shows the integrated
dose at shower maximum in the crystals and around the crystals at various values of
pseudorapidity. These estimates are for an integrated luminosity of 5 x 10° pb*
assumed to be appropriate for the first ten years of LHC operation. The integrated
dose at shower maximum in the ECAL barrel crystalsis about 4 kGy rising to 90 kGy
and 200 kGy at m| = 2.6 and n| =3.0 respectively. The numbers in bold italics are
doses, in kGy, at shower maximum and at the rear of the crystals. The other numbers
are neutron fluences immediately behind the crystals, in the space for the endcap
electronics.

12 02

2.5

1.750 m

1.290 m

Figure 3.4: The dose and neutron fluence in and around the ECAL crystals as a function of
pseudorapidity.
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3.13 The Photodetectors

The properties of the photodetectors required for the CMS ECAL are asfollows:

A high quantum efficiency over the PbWQO, scintillation spectrum ( ~ 440-520
nm) and some internal amplification to compensate for the rather low light yield

of the crystals.

Ability to operate in the 4 Tesda magnetic field of the CMS detector. This
requirement rules out the use of photomultiplier tubes.

Good radiation tolerance. The integrated neutron flux over 10 years of running
would be < 2 x 10 n/ cm? in the barrel and 4 x 10" n/cm? atn = 2.6[2]. In
addition the photodetectors will be exposed to alarge y dose.

The gain of the photodetectors must be stable if the constant term in the energy
resolution is not to be degraded.

The direct response to charged particles should be small. A large response to
charged particles leads to degradation of the electromagnetic energy resolution
due to longitudinal shower leakage into the photodetectors. The hadron energy
resolution is also degraded if this requirement is not met.

Small effective input capacitance in order to avoid excessive noise.

Conventional photomultiplier tubes are not suitable for use in a magnetic field

because the magnetic field would cause the tragjectories of the electrons to be bent and

hence less charge would be collected. Silicon avalanche photodiodes (APDs) [23],

which have been chosen for use in the barrel region, provide the required internal

amplification and are sufficiently insensitive to charged particles. APDs are reversed
biased diodes with an internal field of sufficient strength such that photoel ectrons are

accelerated and multiplied in an ‘avalanche’ process. The exact doping levels and

thickness of the silicon layers may vary but figure 3.5 shows the general structure of

an APD. It aso shows how the electric field will vary throughout the device. Photons

passing through the SiO, window convert inthe p*™ layer
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Figure 3.5: Generalised APD showing the electric field and the various silicon layers. The
exact thickness' and doping will vary according to the manufacturer.

to photoelectrons, which are then accelerated and multiplied in the following p and n
layers. Thisresultsin again, M, of between 50 and 200 depending on the bias voltage
applied. Then there follows a drift region to reduce the overall capacitance of the
device. Finally a highly doped n™* layer collects the electrons which then pass to the
ohmic contact. Irradiation studies of APDs [24] show additional dark current being
induced, leading to an increase in noise. Further details of the APDs used in beam

tests of POWQ, crystal matrices are given in section 3.2.4.

The performance criteria for the photodetectors are the same for both the endcap and
barrel regions with the exception of the magnetic field and the radiation environment.
In the endcaps the photodetectors must operate in a harsher radiation environment and
also have to operate in magnetic fields where the field vector is oriented at a small
angle to the device axis. Vacuum Phototriodes (VPTSs) [25] have been chosen instead
of APDs for use in the endcaps. These devices have excellent radiation hardness,
provide internal amplification, have a small response to charged particles and aso
have low noise.
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3.14 Monitoring and Calibration

To maintain the CMS goal of 0.6% resolution at 100 GeV an inter-calibration of
better than 0.25% is required. To achieve this, the crystals are calibrated both before

installation and in-situ.

The initial calibration of the crystals will be carried out in beam tests before
installation. The process will be carried out for single crystals and then repeated as the
modules and supermodules are constructed. In order that the performance of the
calorimeter is not to be degraded with time each crystal and the associated el ectronics
chain will be monitored and the calibration updated. In-situ calibration is achieved by
taking advantage of the high rate of isolated electrons from the decay of W and Z
bosons at the LHC and matching the momentum measured in the tracker with the
corresponding energy in the ECAL. This process will initialy take a few weeks
running at low luminosity. It will then be repeated at the beginning of each run. In
addition a light injection system will be used to monitor changes in response with

time.

3.15 The Preshower Detector

For the benchmark H— vy vy process, at high luminosity, uncertainty in the decay
vertex position makes a large contribution to the reconstructed width. For this reason
it is not satisfactory to use the mean interaction point to reconstruct this narrow two
photon state. The preshower detector in the barrel region, which covers the
pseudorapidity range | < 0.9, enables the direct measurement of the photon angle
in the n direction. A measurement of the electromagnetic shower position is made at
two depths; the first in the preshower detector, the second in the crystals themselves.
This enables the photon trgjectory to be reconstructed and, hence, the production

vertex islocated.

Two modes of operation are envisaged at the LHC: low luminosity (10** cm?s™) and
high luminosity (10* cm? s?). At low luminosity when the number of superimposed

‘minimum bias’ eventsis small, it is possible to use charged tracks associated with the
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Higgs to locate the longitudinal position of the primary vertex. Hence the barrel

preshower isinserted only for the high luminosity phase

The barrel preshower consists of a single, two X, layer of lead converter followed by
asingle plane of microstrip detectors oriented to measure the z (or 1) direction with a
strip pitch of 1.8mm. The spatial resolution obtained with a prototype barrel
preshower detector in beam tests is better than 300 um above 50GeV [26].
Combined with the measured position resolution in a PbWO, crystal array [27] the

angular resolution meets the design criteria of 50mrad/VE.

The function of the end-cap preshower detectors, which cover from 1.65 < n< 2.6, is
to provide v -n° separation. At this rapidity the two photons from a n° decay have a
small spatial separation and appear as a single shower in the crystal ECAL. Good
separation is achieved by measuring the shower profile in two orthogonal directions.
Two layers of lead converter are used: the first being two X, thick and the second one
Xo. A single plane of silicon microstrip detectors follows each layer with the strips
orientated orthogonally to one another. Unlike the barrel preshower detector the strip
pitch is 1.9mm.

3.2 Introduction tothe ECAL Test Beam Studies

The rest of this chapter will describe the testing of prototypes of the electromagnetic
calorimeter to be used in CMS. These tests were carried out as part of along period of
R&D on the lead tungstate (PbWOQ,) crystals planned for the CMS ECAL.

Throughout 1996 a series of beams tests of lead tungstate crystal matrices read out
with silicon avalanche photodiodes (APDs) were carried out in the H4 beam of the
SPS North Area at CERN. The H4 beam line is able to provide a range of electron
beam energies from 15 to 150 GeV at rates of 2k/burst. The H4 beam has a low
momentum spread, suitable for precision energy resolution measurements. The beam
is asynchronous so a simple trigger system based on plastic scintillators was required.

The response of the calorimeter to irradiation has been investigated and a study of the
electromagnetic energy resolution achieved with the prototype calorimeter has been
made.
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321 The H4 Test Beam Setup

The crystals used in the beam tests were truncated pyramids with a nominal length of
230mm (25.8 X,) and a 20.5 x 20.5 mm? front face, projective to a point 1430 mm
from the front surface. This closely approximates to the crystals at jn| = O in the
baseline design. The crystals were placed in a wooden, thermally insulated and light-
tight box on a remotely controlled moving table. The table was able to rotate the
crystals about two perpendicular axes, 6 and ¢, both perpendicular to the beam, at a
distance of about 1465mm from the surface of the crystals. The table could also be
moved horizontally, transverse to the beam, and verticaly, to modify the angle of
incidence in both planes. The crystal axes were tilted by 3° to the beam direction in
both transverse coordinates, to reproduce the planned configuration in the CMS
ECAL.

Four ate scinillator riggers Temperature Controlled Enclosure
S1,52,S3and S4
- A
o
. . f
peamPipe T " 7x7 Crystal Matrix
.. N with APD Readout
.
4 ... S aeen > Vs
First Drift Chamber Se. ..n- .
.

. . .

A . .

. ° .

.

.

.

Second Drift Chamber y‘
o

Figure 3.6: Isometric view of the H4 testbeam apparatus showing the movable table, drift
chambers and trigger system.

In front of the box were placed a series of scintillation counters. Two orthogonal
planes of scintillation fingers were used for adjusting the beam position. Additional
counters provided information used off line for reecting beam halo events. The
trigger used for the majority of the data taking was a single coincidence defining a 20
x 20mm? spot, which corresponded well to both beam size and the front face of the

crystal. Drift chambers gave a measurement of the impact point of beam particles with
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an error of approximately 225 um. Figure 3.6 shows an isometric view of the H4 test
beam arrangements. The configuration of the crystal matrix, monitoring and readout
electronicsis shownin Figure 3.7.

Fibreto front of each crystal
for laser calibration

N

Analogue Output
to Counting Room

~

2 APD Package with
Amplifier

25 Crystal Matrix

\

/
,/ Support
Temperature Sensors

Front and Back

Figure 3.7: H4 Crystal matrix with monitoring and electronics.

3.2.2 Temperature and Voltage Control

The temperature of the test beam setup had to be carefully stabilised as both the
scintillation light yield of the crystal and the gain of the APD are temperature
dependent [28]. The variation in scintillation light is approximately -2% / °C and in
APD gain is approximately -4%// °C.

Inside the box the four sides of the crystal matrix were in thermal contact with water
cooled copper plates. The preamplifier and bias control circuit boards were positioned
immediately behind the APDs mounted on the rear face of the crystals and were also
in direct contact with water-cooled copper bars. The cooling water came from a
temperature controlled water bath. The temperature of this water was maintained at
18°C. Additional cooling was provided in the form of heat screens which covered
most of the interior surfaces of the box containing the crystal matrix. These screens
consisted of 0.5mm thick aluminium sheets sandwiching a central auminium plate
4mm thick. This plate was cut with zig-zag channels through which water was passed.

This cooling water a'so came from atemperature controlled water bath.
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The temperature of both the crystals and APDs were monitored continuously and
written to tape. The temperature of the system could be monitored with an accuracy of
approximately 0.01°C. The dominant effect on temperature stability of the system was
diurna fluctuation. The magnitude of this day-night fluctuation was approximately
0.15°C (pesk to pesak) [27].

The temperature variation on the front face of the crystals was about 0.05°C. Thisis
due to the absence of the heat sources from the preamplifier and line driver which are
present at the back of the crystals. Hence the gain variations caused by the changesin
temperature should be almost entirely due to the sensitivity of the APD gain to
temperature, rather than the temperature dependent light output of the crystals.

The high voltage on the APDs was aso monitored and written to tape. The voltage
monitoring was precise to + 0.1%. The supply was found to be so stable that any

effects from fluctuation in the voltage could be considered negligible [29].

323 Calibration and Monitoring

During the 1996 beam tests the calibration was monitored with a short pulse of light
that was injected into the front of each crystal via an optical fibre. A red LED light
source with peak emission at 660nm was used to generate a pulse of length 30ns,
which was incident upon a silicon photodiode. A continuous feedback of signal size,
via the photodiode, enabled stabilisation of the pulse to better than 0.1%. During the
year both red (A=676nm) and green (A=532nm) lasers and a wide spectrum xenon
flashlamp system were also tested. The xenon lamp used a rotating diffraction grating
to provide four different wavelengths (420, 550, 600, 750nm). Only the LED system
achieved enough stability to allow tracking of the calibration changes due to radiation
damage with the required precision.

3.24 Readout and Electronics
The characteristics of the two types of APD used for light detection during 1996 are
shown in Table 3.2. The signas from these APDs were fed into fast, low noise

preamplifiers. These preamplifiers were designed around a high performance JFET

and had a peaking time of 35ns and a measured noise of about 1200 electrons when
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connected to the EG& G APD. The measured noise increased to 2500 €l ectrons when

they were connected to the Hamamatsu device.

Each APD was followed by a completely independent electronics chain and separate
ADC channels.

EG& G Hamamatsu
Size 5x5mm? ® =5mm
Capacitance [pF] 30 325
Typica operating voltage [V] 400 150
Excess noise factor (M=50) [F] 2.2 2.0
1/MxdM/dT (M=50) [%/°C] -35 -2.3
UMxdM/dV (M=50) [%/V] 2 15

Table 3.2: APD Characteristics.

3.25 Crystal Preparation

When the crystas were delivered to CERN they were visualy inspected and
measured geometrically. This was followed by an extensive series of quality checks
that included measurements of light yield, of optical absorption as a function of
wavelength and also of longitudinal uniformity. Each crystal was wrapped using
Tyvek! sheets of 150+50um thickness. Tyvek is a white reflective paper made by
DUPONT. Holes were left in the Tyvek on the end faces for the APD, two

temperature sensors and three optical fibres per crystal.

3.3 Energy Resolution

This section presents an analysis of data from the September 1996 test beam. During
this period the matrix consisted of a 7 x 7 array of PoWOQO, crystals of the nominal

! Tyvek is atrademark of Dupont.
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size, read out by EG& G APDs. The energy resolution obtained when electrons were
incident on each of the central 25 crystals is investigated and the contributions to the
individual terms of the electromagnetic energy resolution parameterisation are
studied.

331 Analysis Procedure

The intercalibration of the lead tungstate crystals was established using a 50 GeV
electron beam. Runs of 40k events were taken with a 20 x 20mm? trigger centred on
each of the 49 crystals in turn. The centre of each crystal was located with respect to
the drift chamber coordinates by finding the point of maximum signal in the crystal. It
is possible to reproduce this procedure with a precision of better than 0.1mm. Then a
4 x 4mm? region about this central point was identified. A Gaussian fit to the energy
seen in each crystal provided arelative calibration value. This procedure was repeated
for each of the 49 crystals.

The calibration runs were followed by a series of energy scans. Runs of 100k events
were taken with the electron beam energy set to 15, 25, 35, 50, 80, 120, and 150 GeV
in turn for each of the 25 inner crystals in the matrix. An electron incident normally
on the centre of a20.5 x 20.5 mm? crystal face will deposit approximately 84% of its
energy in that crystal [30]. Therefore when energy resolutions are calculated a ‘ sum of
nine crystals is aways taken. This allows more than 99% of total energy to be
included.

Figure 3.8 shows the energy summed in the 3 x 3 array of crystals centred on crystal
1283. By using a4 x 4mm? region the effects of lateral non-uniformity and calibration

are largely excluded. It also excludes the need to correct for the varying fraction of
average lateral leakage out of the 3 x 3 array which would be necessary in a complete
reconstruction algorithm. The width of the sum of nine was found from a +1.5¢

Gaussian fit to the distribution peak.

47



N

o

o
T

Events/100 MeV
w
a1
o
[

w

o

o
T

250
200 |
150 |

100

L
116 118 120 122 124
Energy (GeV)

Figure 3.8: Energy summed in a3x3 array of crystals for 120 GeV electronsincident in a
Ax4 mm? region about the centre of the struck crystal.

The September data were analysed to extract an energy resolution function of the

form:

EREI IR

after quadratic subtraction of the measured noise (see section 3.3.2). This was
generally between 120 and 180MeV for a sum of 9 crystals. A range of different beam
energies is required to calculate the energy resolution for a given crystal. The noise

term was subtracted and then a plot of 1/E as a function of (6/E)* was made.
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Energy (GeV) (6 /E)? A((c /E)?)
15 1.4 x10* +1.2x10°
35 6.8x 10° +3.8x10°
80 33x10° +2.4x%10°
120 2.6x10° +1.7x10°
150 2.4x%10° +15x10°

Table 3.3: Measured values of (c /E)* for arange of energies.

Table 3.3 shows the values of (o /E)? measured for a range of energies following
noise subtraction and the errors on the measurements. A linear fit to /E as a function
of (o /E)® produces a result such as that shown in Figure 3.9. The fit yields a
stochastic term of 4.47% / VE and a constant term of 0.31%. The subtracted noise

term was 135 MeV.
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Figure 3.9: (o /E)? as afunction of 1/E for crystal 1283.
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3.3.2 Noise Term

The noise term of the energy resolution was calculated run by run. The in-spill
pedestal's were summed using the same calibration as for the beam events. The width
of this distribution was measured by a Gaussian fit to a region of £1.5¢ about the
peak. A typical reconstruction of the sum of 9 in-spill pedestals is shown in figure
3.10 The noise term was subtracted quadratically from the energy resolution before

fitting to obtain the constant and stochastic terms.
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Figure 3.10: Reconstructed sum of 9 in-spill pedestals with a+1.5¢ Gaussian fit.
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Figure 3.11: (a) Energy equivalent of noise for the crystals under test, (b) Energy equivalent
of noise summed for 3 x 3 array.

Figure 3.11a shows the energy equivalent of noise for the 25 central towers. The noise
is typically between 20 and 70 MeV per channel although a few noisy channels have
larger values. Figure 3.11b shows the noise summed in a 3 x 3 array around each of
the 25 central channels. The noise term is typically between 100 and 200 MeV. In
each case it was found that the noise summed in 3 x 3 arrays was larger than the
guadratic sum of noise from the 9 individual channels. This resulted from coherent

pick-up inside the box caused by insufficient shielding around the preamplifiers.

3.33 Stochastic Term

Both shower containment and photostatistics contribute to the stochastic term.
Assuming geometrically perfect crystals a GEANT [31] simulation [32][33] shows an
expected stochastic contribution from lateral shower leakage of ~ 2%/ +E. Figure
3.12 shows the value of the stochastic term obtained for the central 25 crystals of the
matrix. The values of the stochastic term for the September 1996 crystals range from
3.7%/E to 7.6%,/E showing that photostatistics make a significant contribution.
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Figure 3.12: Stochastic terms for the 25 central crystals.

The contribution to the stochastic term from photostatistics has been measured with
the LED monitoring system. Because the LED system was so stable (setction 3.2.3)
the width of the response to the injected LED light, after noise subtraction, was
assumed to be dominated by the photostatistics. In this case the contribution to the
stochastic term from photostatistics (Apnoto) IS given by:

0-2 - O-ioise x K
A oo = \/ (ot ) (32)
Hieg

where ey and o1 are the Gaussian mean and width of the LED signal respectively in
the struck crystal, oneise iSthe Gaussian width of the energy equivalent of noise in the
struck crystal and kisthe APD gain factor for red light (~1.2).
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Figure 3.13: Measured stochastic term from LED as a function of the stochastic term
evaluated from the energy resolution.

Figure 3.13 shows the measured stochastic term for the central 25 crystals versus the
stochastic term predicted from the width of the LED signal. A good correlation
between the measured stochastic term and the LED prediction can be seen indicating
that the values of the stochastic terms measured in the test beam are well understood.

The photoelectron yield is the number of primary photoel ectrons released by the APD
per GeV. It is determined from Equation 3.3.

A photo = (33)

where Nphato 1S the photoel ectron yield per GeV, F isthe excess noise factor and Aghoto

is the contribution to the stochastic term from photostatistics.
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It is envisaged that the final specification for APDs used in the CM S experiment will
be to use two APDs on each crystal, double the area used in these tests. From
Equation. 3.3 it can be seen that increasing the number of photoelectrons by a factor
of 2 will result in the photostatistic contribution to the stochastic term being reduced
by afactor of ~1.4.

3.34 Constant Term

There are severa processes which contribute to the constant term, the second term in
the energy resolution parameterisation. The most significant is the longitudinal
uniformity of the light yield, and to a lesser extent, intercalibration error, longitudinal

shower leakage into the APD and the momentum spread of the beam.
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constant term (%)

Figure 3.14 Measured constant term (%).



Figure 3.14 shows a histogram of the fitted constant terms for the central 25 crystals.
The modal value obtained was ~0.3%, dlightly higher than the 0.2% constant term
predicted by a GEANT Monte Carlo ssimulation [33] of shower energy deposition
with a uniform longitudinal response. The differences between the Monte Carlo
prediction and the values obtained experimentally are due to the combined effects of
lack of a uniform longitudina response, the beam Ap/p (nominaly 0.1%),
intercalibration errors and shower leakage into the APD.

34 Radiation Damage Studies

34.1 I ntroduction

Although lead tungstate is intrinsically radiation hard, non optimised crystals do
suffer from radiation damage [13]. Extensive R&D has been carried out to help gain a
better understanding of this problem. Tests carried out in 1995 [34] showed that
radiation damage, causing loss of detected light, could pose a serious problem for the
CMS ECAL even though it saturates after an integrated dose of a few kilorads. The
damage anneals with relatively short time constants so that the calibration is subject to
continual fluctuations. At room temperature the dominant time constant is
approximately one week [27]. The CMS ECAL group have therefore adopted the
simple strategy of ensuring that R&D efforts are focussed on the development of
crystals that are less sensitive to damage. Any residual damage must be followed and
corrected for using a precision monitoring system.

Therefore one of the main issues for the 1996 test beam programme was the further
study of radiation damage using new crystals, new APDs and an improved test setup.
Comparative studies were carried out in the H4 test beam of PbWO, crystals from
three sources. Bogorodisk in Russia, SIC in China and Kharkov in the Ukraine. Most
of the crystals were from the Russian production facility. Stability studies were
carried out on these crystals by firing a beam of 120 GeV electrons into the centre of
the crystal under investigation, at a fixed rate and with no changes to the external
conditions. It should be noted that the actual radiation doses in the CM S detector will
be far higher than the doses received by the crystalsin the test beam.
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During the study carried out in August 1996 the beam was centred on crystal 1283
for thirty hours. It was decided to examine the effect of this on the eight crystals
surrounding 1283. ldeally information about the effects of radiation upon these
crystals would have been obtained by running for thirty hours with the beam centred
into each crystal in turn. However the constraints of the test beam programme meant
that this was not possible. Information about the studies carried out on crystal 1283
can be found in [29] while this thesis describes the analysis of the surrounding eight

crystals.
34.2 The Test Beam and the August Crystal Matrix

3.4.2.1 Test Beam Information

Eight of the 49 crystalsin the 7 x 7 matrix were studied. These were the eight crystals
surrounding crystal 1283. Only runs of 100k events were used. These runs were
triggered on the two scintillators, S1 and S2. S1 and S2 are used to define the beam:
Slis5x 5cm? and S2 is 2 x 2 cm? This resulted in a fairly narrow beam. Drift
chambers gave a measurement of the impact point of beam particles with an error of
about 250 um. The rate was 15k/burst where a burst = 2.2 seconds during a 14.4
second SPS cycle.

3.4.2.2 August Crystal Matrix

The stability study was carried out on 14™ and 15™ August 1996 using a 7 x 7 matrix
of PboWQ, crystals. The crystals studied were the eight crystals, from Bogorodisk,
surrounding crystal 1283 which came from SIC in China. Crystal 1283 received 640
rads in 30 hours. This was at a rate of 1.5k/burst with the exception of the first two

runs and the final two runs, which were at arate of 2k/burst.

Table 3.4 shows the position of the irradiated crystals in the August matrix viewed

from the back.
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1279 | 1121 | 1291 | 1297 |1298 | 1056 | 1113

1114 | 1319 | 1041 |1281 |1278 |1325 | 1115

1116 | 1292 | 1117 |1051 | 1057 |1295 | 1118

1120 | 1293 | 1283 |1045 | 1050 |1296 | 1131

1132 | 1294 | 1288 |1264 |1049 |1268 | 1134

1135 | 1318 | 1270 |1273 | 1043 | 1314 | 1138

1274 | 1276 | 1277 |1280 |1290 |1286 | 1287

Table 3.4 August Crystal Matrix

343 Analysis Procedure

The beam was centred on crystal 1283 but information was required about the
surrounding crystals. This presented some difficulties in obtaining accurate
information about the eight crystals in this study. It was necessary to try severa

techniques before the method described here was decided upon.

The beam data was used to locate the central position of crystal 1283 for each run.
This was done by plotting the response of the central crystal to the beam as a function
of position, the maximum response occurring in the centre of the crystal. The ideal
method of studying the response of the eight crystals would be to look at eventsin the
centre of each crystal. However, in this case there would be few events. Therefore
another method had to be chosen. The response to particles hitting 16mm? regions in
1283 was studied. The area chosen was as close as possible to the position of the
crystal being studied but far enough away from the edge of crystal 1283 to avoid any
edge effects. Thisis shown in Figure 3.15. These pixels were then used to extract the
response to the beam signal in the eight crystals around 1283. It was only the changes
due to the radiation damage that were being followed so absolute measured values

were not important.
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Figure 3.15: Showing the pixel in crystal 1283 used to study the effects of radiation in
crystal 1288.

344 Dose Calculations

The measurement of the delivered dose in the test beam carries some uncertainties.
The main uncertainty arises from the lateral spread of the dose. The lateral spread is
caused by the shower width and by the lateral extension of the beam. The lateral size
of the beam is approximately 15mm, which is somewhat larger than the shower width,
athough it varies with the beam file settings. The shape is known from beam
chambers within the 20 x 20 mm? (S2) trigger area that has been used for irradiation.
The number of incident electrons is counted in a scaler using a discriminated signal

taken from the same trigger counter.
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To make a precision calculation of the dose using a shower Monte Carlo it would be
necessary to take account of the three degree tilt of the matrix in both horizontal and
vertical coordinates. it would aso require a precise knowledge of the alignment of the
scaled scintillator with both the matrix and the drift chambers, However, such
knowledge is not available, and therefore the practical solution is to accept some
imprecision and assume the lateral spread is dominated by the beam spread.

Using an empirical parameterisation of the longitudinal shower profile given in ref.
[35]
[36] the dose is found to reach a maximum of 6.7 x10° rads per 120 GeV electron

incident on the 20 x 20 mm? trigger counter, at a depth of 8.2 X, in the crystal.

Dose(rads) = Countsx 6.7 x10™° (3.4)

This expression depends on two assumptions:

i. The dose leaking out from the crystal in showers generated by electrons firing
the scaler is equal to the dose leaking into the crystal from showers not firing it.

Thiswould obviously be the case if the beam was infinitely wide.
ii. Thescaled trigger counter is perfectly aligned with the crystal.
The incorrectness of these assumptions contributes an error of perhaps +£10% [37].

Figure 3.16 shows the distribution of the impact point with respect to the crystal
centre, as measured by the beam chambers, for one data run of 100k events during the
irradiation period. It can be seen that neither the electron beam or the scintillation
trigger were perfectly aligned with respect to the crystal centre. However, the beam
width is large and therefore the relationship between the accumulated number of

events and dose is a good approximation.

It was difficult to calculate the exact dose received by the eight crystals under
investigation and some further assumptions had to be made. First the dose for the
central crystal (1283) was calculated. The cumulative S2 counts per burst were stored
during data taking. The cumulative counts per run were cal culated and then converted
into dose at shower maximum using Equation 3.4.
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Figure 3.16: Impact point with respect to the crystal centre. The beam is centred on crystal

1283.

Stability studies that were performed in May 1996 showed that the beam shape in H4

was Gaussian with a horizontal and vertical ¢ of ~15mm. Thus the assumption that

the beam width is bigger than a shower is valid. Using the known beam shape allowed

us to estimate the dose received in the surrounding crystals as a function of the dosein
crystal 1283 during the August stability studies. Table 3.5 shows the estimations of

dose that were made for the eight crystals surrounding 1283 as a fraction of the dose

received in the central crystal.

However this is dependent on alignment as well as assumed beam o, and the hit

distribution for triggered events shows that the beam was not well centred.
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The dose rates are averaged over the SPS cycle. The instantaneous dose rate during
the spill is 14.4sec/2.4sec = 6 times higher.

\J Ya "
Ya 1 Ya
) Yo \J

Table 3.5: Dose received as afraction of dosein Crystal 1283.

345 Effectsof Irradiation

For each of the crystals that were studied, the accumul ated dose and the % decrease in
the beam signal are shown in Table.3.6. The results for crystal 1283 are shown for

information.

Crystal Approximate | % Decrease
Dose (rads)
1283 640 8
1292 210 17
1117 320 10
1051 210 5
1293 320 28
1045 320 10
1294 210 8
1288 320 10
1264 210 0

Table 3.6: Results of August Stability Study
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Fig. 3.17 to 3.23 show the changes in signal as a function of dose for seven of the
crystals. It was estimated that crystal 1264 received a dose of 210rads. However, this
may not have been the case. Figure 3.24 shows a variation of £5% in the beam signal
during the period of the stability study. There were very few particles incident upon
this crystal which partly explains the variations shown in this plot. The other
explanation is that the dose was not as much as 210rads in this crystal. The dose
approximations assumed that the beam was aways well centred. However,
investigation has shown that during the August stability study the beam was not
centred very well. This is seen in Figure 3.16. The beam was actually dightly more
concentrated in the upper and left hand side of the matrix (as viewed from the rear) so
the dose received by crystal 1264 was probably somewhat less than the estimation of
210rads.

The decrease in mean beam signal for the central crystal, 1283, was 6% after a dose of
200rads and 8% after a dose of 640rads had been received [29].

Crystal Approximate | % Decrease
Dose (rads)
1283 200 6
1292 200 15
1117 200 8
1051 200 5
1293 200 24
1045 200 8
1294 200 8
1288 200 6
1264 200 0

Table 3.7: Decrease in mean beam signal for a dose of 200rads.
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To enable a more direct comparison between the eight crystals that were studied
Table 3.7 shows the decrease on mean beam signal in each crystal for a received dose
of 200rads, once again the results for crystal 1283 have been included. However it
was difficult to make meaningful comparisons between the eight crystals. Although
all were manufactured in Russia, they mostly came from different production runs
over a fourteen month period. Two of the crystals, 1045 and 1051, came from the
same production run and were doped with Niobium at a concentration of 30ppm.
They showed relatively small decreases in the beam signal, 8% and 5% respectively,
but it was not clear if this was because of the doping or due to differences in crysta
manufacture. It was also not possible to make any useful comparisons with the central
crystal, 1283, which was produced at the SIC facility in China.

The plots also demonstrate that the LED light signal follows the beam signal well.
The use of an LED is an effective way to follow the effects of radiation in the crystals.
Thisis studied in more depth in [29].
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August Stability Sudy - Crystal 1293 (Tower 23)
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Figure 3.21: Crystal 1045
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August Stability Sudy - Crystal 1264 (Tower 32)
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Figure 3.24: Crystal 1264.

This analysis could have been improved in several ways. To have atrue picture of the
results of radiation ‘spilling over’ from the central crystal it would have been more
useful if the surrounding crystals all came from the same production run. If the
crystals were identical and the beam was centred correctly atruer picture of the spread
of radiation damage would have been gained. It would also have been interesting to
compare a central crystal from, for example, SIC, with eight surrounding crystals
from the same production facility. However, this method would mean that
information would only be gained about one production run at a time and it would
take a long time to study nine crystals from each production run. Even with these
disadvantages the analysis confirmed the important result that these crystals were not
sufficiently radiation hard and would not have been suitable for use in the final CMS
ECAL. It shows that the production mechanism was not good enough or sufficiently

well understood.

However, these beam tests were part of a programme of preliminary R&D on the lead

tungstate crystals. This R&D programme has been a combined effort between CMS
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and the crystal producers. The R&D has continued and many hundreds of crystals
have been tested. Lead tungstate isintrinsically radiation hard, although the early non-
optimised crystals suffered from radiation damage. The R&D carried out has led to a
better understanding of the damage mechanism and crystals are now being produced
which are more resistant to radiation. It has been found that the intrinsic energy
resolution of the crystals is undamaged which is consistent with the scintillation

mechanism being undamaged [13].

35 Conclusions

The testing of prototypes of the CM S electromagnetic calorimeter has been described.
An analysis of data taken in beam tests of lead tungstate (PbWQO,) crystal matrices,
read out by silicon avalanche photodiodes (APDs), performed in the H4 Beam of the
SPS North Area at CERN has been presented. The electromagnetic energy resolution
of the prototype caorimeter has been studied in detail and the contributions to the
terms of the energy resolution parameterisation have been investigated. The stochastic
terms obtained have been understood in terms of the photostatistics of the number of

primary photoelectrons released in the APD. The energy resolution from a typical

crystal was:
0,

G _A% & 031%
E JVE

where the energy equivalent of noise was 135MeV. The tests have shown that
excellent energy resolution can be obtained with lead tungstate crystals when the
longitudinal uniformity of the struck crystal is adequate. Further studies will explore

techniques for achieving longitudinal uniformity.

The response of eight lead tungstate crystals to irradiation has also been studied.
These crystals were in a matrix surrounding a central crystal that received a dose of
630rads. It was estimated that the four horizontally and verticaly adjacent crystals
received 50% of that dose and the four diagonally adjacent crystals received about
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33% of the central crystal dose. The effects of this reduced dose have been examined.
The main conclusion was that none of the crystals were sufficiently resistant to the

effects of radiation and more R&D was necessary.
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4  Direct Photonsin CMS.

4.1 I ntroduction

The CMS detector is being built to study the interactions of quarks and gluons at very
high energies up to ~1TeV. In order to interpret the measurements we need to
understand the quark and gluon distributions in the incident proton beams. The
remainder of thisthesis studies the prospects for measuring these distributions at LHC

using direct photon production.

QCD is the quantum field theory that describes the interactions of quarks and gluons.
In experiments we have hadrons in the initial and final states and the constituent
guarks and gluons, or more generally, partons, are not directly observed. To compare
experimental results with theory we need some phenomenological input in addition to
QCD for hard quark-gluon interactions. It is necessary to describe how the initia
guarks and gluons ‘emerge’ from hadrons and how the quarks and gluons in the final
state form hadrons. QCD is not able to explain everything about these processes but it
can explain how they vary with energy scale, thus allowing comparisons between

different experiments.

Some of the same phenomenological input is required to describe the electro-weak
interactions of quarks. An example of this is direct production of photons in hadron
collisions. Thisis auseful process to study because the photon emerges from the hard
interaction free of any strong interaction complications. This results in a clean probe
of the behaviour of initial state partons. A detailed understanding of the initial state is
essential for the analysis of any new physics discovered at LHC.

4.2 Perturbative QCD Interactions

Scattering amplitudes and cross-sections in QCD and QED are calculated using

Feynman diagrams. The contribution of each diagram to the amplitude is found using
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Feynman rules. Each vertex in the diagram gives rise to a factor of o in the
contribution to the amplitude, where o is the coupling constant for the interaction.
This means that the full cross section is a power series in the coupling constant. If the
coupling constant is sufficiently small only a small number of leading terms need to
be considered. However, if o is too large then the series will not converge. A series
written in this way and calculated using Feynman diagrams is called a perturbation
series.

Infinities come out in every term of the perturbation series beyond the lowest which
leads to unphysical results. This is because of loops in the Feynman diagrams. Every
possiblity has to be considered and there is an infinity of possibilities. To resolve this
problem a mathematical method known as renormalisation is used. This neatly
removes the infinities but at the cost of introducing an arbitrary momentum scale pi:
that is called the renormalisation scale. It is important to remember that u: is an
artificial, non-physical parameter which only appears in the result of the calculation
because we cannot complete the calculation to al orders. In principle the result of a
calculation should be independent of ., however thisis only true if we calculate to all
orders. Calculations of finite order therefore give results that are dependent on . The
renormalisation scale is chosen to be some energy (momentum) representative of the
scale of the interaction. We expect that the dependence of the result on s will be
small if we have carried the calculation to high enough order. However it is difficult
to know what ‘high enough’ is and it is also very difficult to do higher order
calculations.

Most higher order effects can be accounted for if the coupling constant is written not
as a constant but rather as a function of scale . Thisis seenin QED where o is 1/137
at small p but increases to 1/128 at the mass of the Z boson. In QCD, by contrast, the
coupling constant, a.s decreases with increasing scale. The variation of the coupling o
with u is described by the equation:

2 9% _ o (4.1)

o’
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to lowest order. This is the renormalisation group equation which comes from
requiring that the results of the calculation are independent of u. In QED the factor b

IS negative, leading to an increase in o, with increasing scale. In QCD we have

b= i(nnc -2n;) (4.2) _
127 the number of (active) quark flavours.
The first term in this expression comes from the gluon self-coupling terms and makes

the whole expression positive sincen; < 6.

This can be visualised in a space time picture where increasing the energy scale 1
corresponds to shorter distance interactions. The effect of electric charge is seen to

increase at short distances while strong charges get weak.
4.3 QCD description of hadronic interactions.

As stated in the introduction to this chapter we need to include other elements in
addition to the perturbative hard scattering to get a description of experimental
measurements of hadrons. Equation 4.3 gives the full description of a process in
QCD, whichisillustrated in Figure 4.1.

0(A+ B—-C+ X) = ZJ.an de ch Fa/A(Xa,,UF)Fb/B(Xb!;uF)Dc/C(zc)
“~ (4.3)

X 6-ab—>cX (Xa’XbUUR’:uF)

The term 6 describes the hard interaction which can be calculated by the methods
described in the previous section. The parton distribution function Fya describes the
probability of finding a parton a with momentum fraction x, inside the beam particle
A, similarly for Fyg. Precisely, F(x) dx represents the number of partons with
momentum fraction between x and x + dx. D is the fragmentation function which
describes the probability of getting C from ¢ with some fraction z. of ¢'s momentum.

Writing the process in this way means that we are arbitrarily dividing al the complex
interactions into a hard scattering part which can be calculated and soft parts which
cannot be calculated. The soft processes include those in the initial state, where
partons are ‘selected’ from the incoming particles to take part in the interaction, and

fina state processes which produce the outgoing hadrons. The separation is done by
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introducing the factorisation scale ug. Processes which occur at energy scales larger
than ur are considered to be part of the hard interaction. Mathematically, this scale
specifies the momentum scale of the renormalisation of the operators that appear in
the definition. Physically, ur is the momentum scale at which the hard interaction

probes the partons.

An important result from QCD [38] is that this separation, known as factorisation, can
be done in a consistent way. The parton distribution functions (PDFs) Fya are
universal functions that depend only on a and A and not at al on the nature of the hard
process. Similar considerations apply in the case of the fragmentation functions.
Moving to a space time picture, the hard scattering represents short distance
interactions between partons. In contrast, the parton distribution functions and the
fragmentation functions describe processes that are happening a long way from the

hard scattering.

pp— y+jet+ X photon

no fragmentation —
direct probe of the hard
scattering process

jet 2

== [ % o

Parton Distributions Hard scattering Fragmentation
Non-perturbative, must be High momentum transfer (quark, gluon) — jet
experimentally determined, Perturbative QCD

but are universal

What we observe: photon beam jets

proton — +— proton

Figure 4.1: Diagram illustrating different aspects of a QCD interaction (courtesy W. J.
Womersley).
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In the specific case of photon production, as shown in Figure 4.1, the final state
photon is free of the complication of fragmentation (D. / y = 1). The photon isseenin
the final state exactly as it was produced, directly from the parton level interaction.
This enables us to study more directly the initial state processes and the parton

distribution functions.

43.1 Parton Distribution Functions

Parton distribution functions describe the parton substructure of a high momentum
proton or other hadron. The function Fya(x, W) gives the distribution of partons of
type a in a hadron of type A. Here, a could be any flavour of quark, any flavour of
antiquark or a gluon. The label A can designate a proton, anti-proton, neutron, pion, or
any other hadron. In this thesis only the case A = proton is considered.

The parton distribution functions depend on the factorisation scale ur. The variation
of PDFs with u is described by QCD. A parton that is seen at a low scale can be
resolved at higher scale into two or more partons, i.e. a quark can emit gluons or
gluons can fluctuate into qq pairs. In practice when parton distribution functions are
used to make QCD predictions for a physical process, ur is set to be of the same

approximate size as the momenta involved in the process.

The evolution of the quark and gluon distributions with p is given by the DGLAP
eguations:

oF e 2
QIA(X - ) = aS(Iu )[qu ® Fq/A + ng ® Fg/A]

alnu? 2
oris?)_als?) 0
g/A M 0(5 y
alnﬂz = o [qu@Fq/A+ng®Fg/A]
where ® represents the convolution operation eg.
_tdz (X )
qu ® I:q/A = J;?qu E Fq/a(z’lu ) (4.5)

and the splitting functions Py are calculable in perturbative QCD. Pyy(X/2), for
example, represents the probability for a quark of momentum fraction z to fluctuate

into aquark of momentum fraction x and a gluon of momentum fraction z— x.
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The formalism is quite straightforward at leading order (LO), with ssmple algebraic
expressions for the splitting functions, but becomes much more complicated in higher
orders. In many cases where QCD is confronted with experimental data, calculations
of the hard scattering are available beyond leading order in perturbation theory. In
these cases the behaviour of the structure functions must also be described beyond

leading order.

Sets of parton distribution functions, one function for each kind of parton in a proton,
are produced to fit experimental data. Figure 4.2 shows the gluon distribution and the
up-quark distribution in a proton, according to the CTEQ4M [39] parton distribution
set. The figure [40] shows X *Faa (x,u) fora=ganda=u, A=p. Note that the area

under the curveis

JoldXX Foa(X.4) =Jid(|nx) X*Fyya(X, 1) (4.6)

and this is the momentum fraction carried by partons of type a.

T T UL |
Graphics by P. Anandam
cteg4m mu=100GeV gluon ——
cteqgdm mu=100GeV up -----

0.12 B
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Figure 4.2: Gluon and up quark distributions in the proton according to the CTEQ4M parton
digtribution set.
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4.3.2 Global fitting of parton distributions.

There are three main groups of people currently doing global fitting of parton
distributions:

e Martin, Roberts and Stirling (MRS) [41]
e Gluck, Reya, and Vogt (GRV) [42]

e Brock, Collins, et a (CTEQ) [39]

The purpose of the fitting is to adjust the parton distribution functions to make theory
and experiment agree for a wide range of processes and scales. For example, recent
CTEQ fits have used the following processes. [43]

e+p—-> X

u+p— X
v+Fe— X
Pp+p—-o>u+u+X
p+Cu— u+u+X
P+P—-Wol+l+X
p+p—oy+X
U+H — X
v+Fe—> X

p+°H — p+1+ X

The main features of a programme of global fitting are as follows. First of al a
starting scale is chosen, for example p = 2GeV. Then Fya (X,1o) 1S written in terms of
several parameters for a = g, u, d, s, and their antiparticles. Generally the heavy quark
distributions are generated from evolution, not fit to data. At small scale there are no
heavy quarks, however using equations such as 4.4 the distributions may be evolved
until, via gluon splitting, heavy quarks are found in the distributions.

76



Anexampleis

F(x, o) = AX®(1-x)°(1+ Ex®) 4.7)

The parton distribution functions obey certain flavour and momentum sum rules, such

as

jdx[ u,p
ZJ'dxx (X

(4.8)

v I_I
II

Il
[EEN

These sum rules follow from the operator definitiong43]. The parameterisations are

chosen so that these flavour and momentum sum rules are obeyed exactly.

The next thing isto pick atrial set of parameters. This determines F(x,o), from which
F(x,u ) can be calculated for al u by evolution. Then, given the F(x,u ), theory
curves are generated for each type of experiment used. Hard scattering matrix
elements are also needed for all the processes. These must be calculated with a
consistent treatment of pr etc. Both leading order and next to leading order fits are
performed but this is not easy beyond leading order. Finally the results are compared
to the data. This sequence is iterated, adjusting the parameters to get a good fit. There
are more than athousand data sets and only about 25 free parameters in the fit, so the
fact that this procedure works at all provides support for QCD as the correct theory of

the strong interactions.

4.3.3 Parton Distribution Functions used in thisanalysis.

Some of the parton distribution functions are implemented in a convenient form in
PDFLIB [44] which makes them suitable for use in Monte Carlo smulations. The
PDFs used in this thesis are described below.

4.3.3.1 CTEQ

The starting scale of the CTEQ parameterisations is Qy” = 2.46 GeV?. It uses data for

the fits from a large number of experiments, both from DIS experiments (HERA,
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NMC, E665), and from p-p experiments (eg. inclusive jet data from the
TEVATRON). The PDFs extracted from the fit depend quite strongly on the starting
scale. The latest set of proton structure functions available from CTEQ are CTEQ4M
[39]. The baseline PDF for thisthesisis the CTEQ4M parameterisation.

4.3.3.2 GRV

In contrast to CTEQ, GRV begin at a very low starting scale, Qo> = 0.34 GeV2 The
motivation behind thisisthat at such alow starting scale, the nucleon consists only of
the constituent valence quarks as they are fully constrained by the charge and
momentum sum rules. This is intended to remove the dependence of the PDFs upon

the starting scale.
4.3.3.3 MRS
The MRS fit includes data from DIS experiments and they have also studied other

information for the gluon, including the constraints coming from fixed-target and

collider direct photon production data.

Set Description as(m,) Qo* (GeV)?
CTEQ4M MSscheme 0.116 2.56
CTEQ4L Leading order 0.132 2.56

GRVI4HO | MSscheme 0.115 0.34
GRV94LO Leading order 0.128 0.34
MRS G MSscheme 0.114 5

Table 4.1: The parton distribution functions used in this analysis.
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4.4 Direct Photons

The study of direct photon production from hadrons provides experimental physicists
with a unique and very useful tool with which to test QCD. The term direct photon is
taken to mean a photon that originates from an interaction related to the hard scatter
and not from the production of a hadron that subsequently decays el ectromagnetically.
Since the direct photon originates in the hard-scattering sub-process one has a more
direct probe of the interaction. Furthermore, the photon couples to the electric charge,
while quarks and gluons interact via the colour charges. Thus direct photon
production yields information that is complementary to that obtained from jet
production. The characteristics of the final state particles that come from a direct
photon event and the ease and precision with which photons can be identified and
measured provide a practical advantage in studying this process.

44.1 Direct Photon Diagrams

Figure 4.3 shows leading order diagrams for direct photon production.

GLUON COMPTON SCATTERING QUARK—ANTIQUARK ANNIHILATION
g q q 04
q 04 q g

Figure 4.3: Leading order diagrams for direct photon production.

One way in which photons can be produced is in quark-antiquark annihilation, in
which the direct photon is produced along with an outgoing gluon. Another important
processisaform of QCD Compton scattering, in which a gluon scatters from a quark
producing a photon in the final state along with the scattered quark. Because of the

79



abundance of low x gluons in the proton, QCD Compton scattering is the dominant
form of direct photon production for E’: below approximately 100 GeV. Above this
energy the, typically, larger momentum quarks are necessary to produce such an
energetic photon and the annihilation diagram becomes more prominent. Because of
the Compton dominance it is expected that a measurement of direct photon production
will have sensitivity to the gluon content of the proton.

Some examples of higher order photon production diagrams are shown in Figure 4.4.
These usually involve additional gluon radiations and result in characteristic event
signatures of a photon plus two or more jets. Current direct photon QCD calculations
include only up to the two jet level, order aiois®. These are known as next-to-leading
order (NLO) calculations. The experimental measurement includes al orders and is
therefore called inclusive. However, if the terms beyond NLO are small, the NLO

prediction should be a good approximation to the inclusive cross section.
Figure 4.4: Examples of higher order direct photon diagrams.
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4.4.2 Bremsstrahlung Component and I solation

BREMSSTRAHLUNG

0|
0

Figure 4.5: Photon production through Bremsstrahlung.

As shown in Figure 4.5 there is another source of single photons. bremsstrahlung
from an outgoing quark in a dijet event. In this case the photon is not produced
directly from the interaction vertex and is therefore not really a ‘direct’ photon.
However the existence of this production method affects the way in which direct
photons are measured and modelled theoretically.

In order to minimise the effect of the bremsstrahlung case an isolation criterion is
imposed upon the photon. Usually a cone around the photon is examined and required
to have less than a certain amount of energy. A photon produced through
bremsstrahlung tends to be very collinear with the quark it radiates from. The
requirement that the photon be isolated removes al but the very largest angle
radiation.
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45 Direct Photon Kinematics

As outlined in the previous section, the main processes contributing to direct photon
production are the two-body reactions gg—qy and qq— gy . In this case,
assuming no transverse momentum of the initial partons, we need to measure three
kinematic variables of the fina state photon and hadron jet in order to determine the
initial parton energies and hence the gluon fractiona momentum Xy in

0q — qy events. These variables may be chosen to be, for example, the photon pr,

and the photon and jet angles or pseudorapidity . The main differences between the
different parameterisations of the parton distribution functions are at low x so thisis
an important area for study. Experiments generally need to place a cut on the
minimum photon pr to isolate the direct photon signal from the jet background. This
restricts the region of Xy to which the experiment is sensitive. The Xy range also
depends on the angular coverage of the measurements. An experiment with an
acceptance to large n, or small angles with respect to beams, gives a better reach to

low Xg.
45.1 Pseudor apidity dependence.

Theoretical investigations have shown [45] that the cross section of direct photons
has a pseudorapidity dependence which is sensitive to the parameterisation of the
gluon distribution functions. Results from different experiments can be compared as a

function of the variable

X = 2\/% (4.9)

This is related to the fractional momenta Xq, Xq Of the initial partons. The energy

available in the parton subprocessis +/&¢ where §= X %,S. If theinitial parton energies

are nearly equal, the photon and jet are produced back-to-back in the laboratory. Then
at large angles to the beam, in the central region 1 = 0, we have that the photon pr is
about the same as the initial parton energy, or X is close to xr. At smaller angles, for
the same xr, the parton CM energy ¢ and hence Xxg are larger. Now consider the case
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of alarge imbalance between initial parton energies, such that Xy << Xq. In this case,
both the photon and jet will tend to be produced at small angles, either both forward n
> 0 or both backward. The cut on pr determines the minimum ¢ value that can be
measured, while a large forward acceptance means that events can have a greater
degree of imbalance between the initial parton energies, and so a smaller xy for a
given S. Detailed calculation of the two-body kinematics gives the minimum xg for

cutsonpr,n as

i
X, :% (4.10)
Since most earlier experimental direct photon results, with the exception of DO and
CDF have focused on the central pseudorapidity region, the forward direct photon
capability of the CMS detector allows a relatively new region for investigating the
pseudorapidity dependence where gluon distributions within hadrons can be
constrained. The pseudorapidity dependence is more crucia for the case of gluons
since their momentum fraction peaks at lower x values [46]. As one goes to lower pr
or higher pseudorapidity m, there is an increased possibility to study gluons near the x

range around 10 - 10° where they are dominant in the hadronic structures [47].

Table 4.2 gives the value of x, for different pr cuts and n values at LHC. It can be

seen that an acceptance to | = 2.5 considerably enhances the reach of low x4 values.

prGeV Xt Xgmin,n =05 | Xymin,n =15 | X;min,n =25
20 0.0029 9.0x 10" 3.0x 10" 1.0x 10*
40 0.0057 1.7x 103 6.0x 10™ 2.0x10*
60 0.0086 2.6x10° 1.0x 10 4.0x10*
80 0.0114 35x10° 1.3x 103 5.0x 10
100 0.0143 4.4%x10° 2.7x10° 6.0x 10

Table 4.2: The variation in xr with changesin pr andn at LHC.
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452 Regions accessible to various experiments.

In previous studies of the gluon distribution the high x gluons have been measured in
fixed target deep inelastic scattering , while low x gluons have been measured at
HERA using the DGLAP variation of the structure functions with scale. However, the
LHC will open up a new kinematic region which will give the opportunity to study
gluons of low x but much higher Q? than at HERA .The studies at the Tevatron have
been better than anything that was done before but at CMS we will be able to go
lower x and higher Q? than either DO or CDF. This new kinematic region isillustrated
in Figure 4.6.

- LHC
4 l Tevatron

Figure 4.6: Kinematic reach of present and planned facilities. Note that the full (x,Q?) region
is clipped by the plot [48].

4.6 Other Studies of Direct Photon Production

Direct photon production has been studied at several fixed target and collider
experiments. The parameters of some of these experiments are shown in Table 4.3
[49],[50],[51],[52].



Experiment \s Gev Xt n pb™

DO pp 1800 0013-013 | +30 ?
CDF pp 1800 0013-013 | +1.1 ?
E706 Pbe 31 0.26—0.52 +0.7 0.75
E706 n Be 31 0.26—0.52 +0.7 0.50
UA6 pp 24.3 034-063 | -01-09 3.9
UA6 pp 24.3 034-063 | -0.1-09 47

WA 70 PP 23 0.35-0.52 +1.0 5.2

Run Il at the Tevatron [52]

DO pp 2000 0.2 +3.0 ?

CDF pp 2000 0.16 +11 ?

Table 4.3: Parameters of various other direct photon studies.

The experiments cover a range from xg ~ x for photons in the central region (n close

x; e

tozero)to X, = :
2— X, €'

The large range of xr , from low to high \s, that has been studied is evident in the
table. In addition, DO has a much larger | coverage which extends the range that can
be studied down to alower Xg.

All the experiments compared their results with QCD NLO predictions using existing
structure function parameterisations. The results generally show a discrepancy with
predictions at low photon Er independent of the corresponding value of Xy or xr. This

can be seenin Figure 4.7.
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Figure 4.7 : x; distribution comparison of existing direct photon cross section datawith NLO
QCD calculations with CTEQ2M parton distribution functions. [53]

Various explanations have been suggested for the discrepancy. It is generally thought
to be due to modification of the slope of the Er distribution by some source of ky
smearing [53]. This is smearing caused by the transverse momentum of initial state
partons with respect to the incoming hadrons. If the initial state partons have some
transverse momenta and are not collinear to the hadrons as has been assumed, the
transverse momenta is passed on to the fina state partons and makes their Er
spectrum steeper. This effect is clearly seen experimentaly in the low Er region
where the amount of kris not negligible compared to thetotal Er. The ky smearing is

acombination of the following effects:

e Theinitial state partons are confined within hadrons which are approximately 1.5
fm in size. Due to the uncertainty principle they should have some intrinsic

transverse momenta around 0.4 GeV.
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e The radiation of gluons from initial state partons will give the partons certain
transverse momenta. This initial state gluon emission can be the dominant effect
contributing to the kr smearing.

There are at |least two other possible causes for this shape difference [54]. A possible
explanation is the QED bremsstrahlung process, in which an initial or final state quark
radiates a photon. QCD predictions show good agreement with measurements at LEP
[54], however a higher order calculation of this process [55] in pp collisions does
indicate a prediction that is 5% steeper at pr = 16 GeV. Another possibility is that the
differences could indicate that the gluon distribution inside the proton in this
fractional momentum range needs to be modified by the use of this data. It has also
been suggested [56] that there is no need for an additional intrinsic k to force the

agreement between QCD predictions and experiments.

DO and CDF will be continuing their studies when Run Il commences in 2000,
providing higher statistics data. However as demonstrated in the previous section, the
LHC will open up a new kinematic region to be studied. The higher luminosity at
CMS means that we will be able to make good measurements in this new region in

guite ashort time.
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5 Monte Carlo Simulation of Direct Photonsin
CMS

5.1 I ntroduction

Photons offer a unique window to the fundamental interactions both of the Standard
Model and new physics. This is because they are fundamental vector bosons which
emerge from the collision without either decaying or fragmenting into other particles.
Photons can be cleanly identified and, unlike jets, their energy and direction measured

precisely.

Within the Standard Modd next to leading order QCD calculations exist which
predict photon and diphoton production cross sections. By measuring these cross
sections in CMS and comparing with the predictions we will be able to test our
understanding of the Standard Model. These measurements are sensitive to the parton
distributions. The parton distributions are important inputs to calculations of physics
processes at the LHC. Various parameterisations exist which are in agreement with
existing measurements from lower energy accelerators. At LHC energies we will
probe new kinematic regions and be able to distinguish between the various

parameterisations.

The cross section for the photon plus jet fina state is very sensitive to the gluon
distribution. Therefore a precise measurement of this process alows information on

parton distributions to be extracted.

Unfortunately the advantages of photons as a clean probe of parton distributions are
offset by the large backgrounds. Any analysis wishing to exploit photons must
separate true direct photons (those coming from the hard scattering) from those

copiously produced in the decay of ©° and | mesonsin jets.

In this chapter the simulation of direct photons and the backgrounds will be presented.
It will be seen that direct photon production is a high cross section process which can
be effectively simulated. The source of the background will be also be discussed and
the generation of 2-jet events will be described. The event generator and the detector
simulation will be discussed.
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5.2 Direct Photons

The cross section for direct photon production predicted using the CTEQ4M parton
distribution is shown in Figure 5.1. A large number of photons will be produced at the
LHC. Isolated electromagnetic showers can be triggered on with high efficiency [57]
above an Er threshold of greater than 10 GeV. This threshold varies with the
luminosity. The direct photon cross section at LHC will be approximately fifty times
larger than at the Tevatron so even if we only did the same physics the results would
be much more precise and the reduction in statistical error alone would improve the

parton distribution measurements.

do/dE; nb/GeV

CTEQ4M

o
T

Figure 5.1: Direct photon cross section

Figure 5.2 shows the total events per year as a function of E; for aluminosity of 10%

cm? s. Direct photon analysis is likely to be one of the first physics studies to be
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done when the CM S experiment begins. There will be enough photons produced that
an in depth study could be completed very quickly even at aluminosity of 10% cm? s
! The direct photon samples in this analysis consist of 1 million events which is
equivalent to one day at a luminosity of 10% cm™? s*. Even if the initial luminosity

was aslow as 10* cm? s* thisis only ten days running.

Total number of events per year

2T T T T T T T O T TS Y NS
20 30 40 50 60 70 80 g0 100
£, Threshold/GeV

Figure 5.2: Events per year at aluminosity of 10 cm? s™.

However, contributions from background decay processes greatly complicate analysis
of the true direct photon signal. Figure 5.3 compares the direct photon cross section
and that of the background. The methods for overcoming this hurdle are considered
in detail in Chapter 6.

53 Background

There are two types of background that can contaminate the signal: fake backgrounds
and irreducible backgrounds. Fake backgrounds occur when an event from a different

type of process is misidentified and therefore fakes the desired signal. Irreducible
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backgrounds occur when another signal contains the same final state as the desired
signal.

background ¥

do/dEt nb/GeV

| direct y A
10 |

I I I I I I I I L L ul “ Il N I N1 WRITEN]
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Figure 5.3: Direct photons and the background.

The dominant background to the direct photon signal comes from jet fluctuations.
While most jets consist of many particles, and are thus easily distinguishable from a
single photon, asmall fraction (~10°3) fragment such that a single particle carries most
of the momentum of the parent parton. Several neutral mesons decay to produce two
or more photons. These include the lightest, and therefore most commonly produced,
neutral meson, the n°. The n° decays to two photons with a branching ratio of 99%
[58], dthough at these energies the photons are very close together. This means that
non-direct photons are common in hadronic collisions. The jet cross section is of
order 1000 times larger than that for direct photons. Almost all jets can be rejected by
the requirement that the photon candidate be isolated: that there should be no
significant energy deposit or charged tracks in a region around the photon. Such a
requirement typically rejects all but about 0.1 % of jets leaving only those where

amost all the jet energy was carried by a single neutra meson and the jet
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consequently looked exactly like an isolated electromagnetic object. This remaining
jet rateis still comparable to that of true direct photons and so additional rejection is
needed.

Table 5.1 identifies several neutral mesons which decay to photons. The n° is the
main particle considered in this analysis as it is the neutral meson that is most

commonly produced although leading ns can also contribute.

Particle mass(GeV/c?) Decay branching

products ratio
n° 0.135 vy 0.99
n 0.547 vy 0.39
n 0.547 3n° 0.32
n 0.547 o 0.23
K% 0.494 2 0.31
® 0.781 'y 0.09

Table 5.1: Neutral meson decays to photon states

It is difficult to generate enough events to study the background effectively because
the two jet cross section is extremely large, 5 x 10°nb compared to 6 x 10°nb for
direct photons. Although only one in athousand jets will fragment in such away asto
become a problem this still results in a very large background. This means that to
produce the require amount of background events many, many thousands of unwanted

events must be generated.
54 Monte Carlo

In order to study direct photon events and their background at CM S we must be able
to simulate the process and the response of the detector. Because there is no
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experimental data we rely heavily on Monte Carlo generated data to mimic the rea
data as closely as possible. The Monte Carlo must be able to simulate the various
parts of the CMS detector, taking into account particle identification efficiencies,
trigger efficiencies etc. In addition, it must be capable of processing quickly a large

number of events.

54.1 PYTHIA

PYTHIA [59] isawell established event generator that has been used to generate the
direct photon events in this analysis. To generate direct photon events the PY THIA

generator includes contributions from five processes: gig — Gy, 6,G,— gy, f.f, — v,

gg — 7YY, 99 — gy. In hadron colliders the first and second processes are most
important, with the final process giving an additional contribution which may be
important in some kinematic regions. This is generaly in the central region, low n,
and is not of interest for this analysis.

PYTHIA was aso used to generate the background events in this analysis. This was
done by generating QCD two jet events. Input parameters for PY THIA are shown in
table 5.2. The PDFLIB [44] package was used within PYTHIA to choose the various

parton distribution functions used in this analysis.

Parameter Direct Photons Background
Process MSEL =10 MSEL =1
Prompt photon production QCD jets
Js 14 TeV 14 TeV
pr range/ GeV 10-7000 20 — 300 in twelve unequal bins
n range +3 +3
Mop 175 GeV 175 GeV

Table 5.2: Someinput parametersfor PYTHIA

93




54.2 The CM S Detector Simulation

CMSIET [60Q] is a stand-alone fast non-GEANT detector simulation of the CMS
detector which is essentially generator independent. It parameterises parti cle—detector
interactions as opposed to the full GEANT detector simulation provided by CMSIM
[61] which requires an enormous amount of CPU time per event. CMSJET processes
events from a generator through a selection of user defined kinematic cuts
eliminating particles outside the detector acceptance. User defined cuts are then
applied to the particles in the event table allowing, for example, a minimum p; for
leptons and photons. CMSJET then searches for events for objects which would cause

the event to trigger, eg. a high p; lepton or photon or alarge missing Er.

The remaining events are then passed through simulations of the various sub-
detectors. The CMSJET calorimeter system is represented by a set of sectioned
cylindrical volumes. Charged particles are tracked, through the uniform 4 Teda
magnetic field, up to the surface of the calorimeter system. To calculate the energy
deposited in a particular part of the calorimeter a parameterisation of the shower is
used. The energy/momentum of the particles are smeared according to the resolutions
shown in Table 5.3. The showers spatial development is then simulated in both
lateral and longitudinal directions. The parameterisation for the showers is taken from

the H1 experiment.

Sub-detector Resolution
ECAL 6 /[E=5%/VE+0.5%
HCAL G /E=82%/VE + 6.5 %
HCAL crack 6 /E =86%/E + 09.3 %
VFCAL (hadrons) 6 /E=182%/VE + 9.0 %
VFCAL (ey) 6 /E=138%/VE + 5.0 %

Table 5.3: Calorimetry in CMSIET
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In the muon chambers and the central tracker the momentais smeared and only those

muons able to produce a hit in the muon system are recorded.

The final anaysis phase includes jet-finding, recalculating the measured missing
energy and applying quark tagging efficiencies. Following this the relevant data are

written out for subsequent analysis.

Jets are searched for in the ECAL and HCAL out to arapidity n| = 3.0 with acone jet
finding algorithm from UA1[62]. Using the full granularity of both ECAL and HCAL
an initial selection is performed that rejects any calorimeter deposit (cell) with Er < 1
GeV. A pre-clustering stage then takes each cell in turn and adds to it any nearby cells

which pass the criterion

AR =/A¢? + An? where AR < 0.2 (5.1)

with no restriction on the number of clusters a given cell may belong to. Overlapping
pre-clusters that share 75% or more of their cells are joined together otherwise they
are split apart with the cells going to the closest initiator cell. The remaining pre-
clusters that have Er > 5 GeV are designated jets. Finally, any cell that fails the initial
selection stage or the 5 GeV cut are added to the nearest jet providing that AR < 0.2.
Once identified, each jet is labelled or tagged to the type of quark or gluon that
initiated the jet. The standard CMSJET cut of 20GeV is designed for high luminosity
processes. This analysis will be done at low luminosity where pile up is not a
problem. Therefore alower cut was chosen. Table 5.4 shows some of the user defined
cuts that were used in CMSJET for thisanalysis.
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Parameter

Direct Photons

Background

No of events 1000000 250000 in each of 12
unequal bins

v search — Er min 10 GeV 20 GeV
—m photon 3.0 3.0
tracker —radius of cone around y 0.3 0.3

tracker — max pr in cone 2 GeV 2.GeV
calorimeter — radius of cone around y 0.3 0.3

calorimeter — Ex sum limit in cone 5 GeV 5GeV

jet prcut 5GeV 5GeV

jet energy cut 5GeV 5GeV
jetm cut 3.0 3.0

min pr threshold for n° to be treated asy 10 GeV

Table 5.4: Some CMSJET parameters used in this analysis.

54.3 Limitations

CMSIET 4.4 was used for al the work in thisthesis. It is based on the detector design
in the Technical Proposal. The details of CMS design are still not finalised, although
there now exists a later version of CMSJET. The most obvious change from CMSJET
4.4 is modifications to the CMS ECAL endcap designs. The resolution used for the




ECAL were larger than the latest test beam results [27], therefore providing a slightly

pessimistic scenario.

55 Conclusion

By combining PYTHIA event generator and the CMSIET 4.4 detector simulation
direct photon events and their background can be generated and the response of the
detector can be evaluated. This enables the study of direct photons at CMS to be
carried out.
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6 Event Selection

As has been shown in Figure 5.3 the background from jets faking photons or photons
in jets is a factor of four times as much as the direct photons at low Er. This chapter
outlines the cuts applied to the data with the main aim of reducing the background to
the direct photon signal.

6.1 Photon E > 20GeV.

Thefirst cut was to exclude all photons with Er of less than 20 GeV. The main reason
for this cut is that it would be difficult to trigger on photons with such a low Er. At
high luminosity it is proposed to trigger on single photons of Er 40GeV to meet the
constraints of the trigger system. At low luminosity it is possible to run with a lower
trigger threshold but it is not envisaged to trigger with a single e/y threshold of less
than Er 20 GeV.

Background y

Events/Day/GeV

Direct 7"",“

5 I R U R RN B SR R
20 30 40 50 60 70 80 90 100
Et/GeV

Figure 6.1: Er, after cutsto exclude events with photons with an Er of less than 20 GeV .
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The cross section for the background falls more rapidly with Er than the cross section
for direct photons so it would be hard to do these studies at Et of less than 20GeV
even if the trigger threshold was lowered. The result of this cut is shown in Figure 6.1.

It can be seen that the signal/background is worst in the low Et regions.

6.2 Jet Rgection

6.2.1 | solation

A jet being misidentified as a photon can cause a significant background to the direct
photon signal. This can occur when a jet fragments into a leading n° and the resulting
two photon decay is indistinguishable from a single direct photon in the detector.
Initial and final state radiation photons from quark lines tend to be co-linear with the

jets so isolation cuts will eliminate these as well.

Isolation cuts are used to regject particles coming from the fragmentation of jets by
detecting the other jet fragments which accompany them. At high luminosity, pile-up
and the underlying event (spectator system) will limit the effectiveness of an isolation
cut. For any cut there will be aloss: events are rejected because the photon appears
not to be isolated due to the presence of activity from other events in the same, or
nearby, bunch crossing. In order to limit this loss to an acceptable level one can
reduce the isolation area and/or raise the isolation threshold.

Traditionally isolation has been imposed by cutting on the summed transverse energy
measured by both the electromagnetic and the hadronic calorimeters within a
relatively large circle around the particle to be isolated. The performance of the CMS
central tracking system together with the fine granularity and low noise of the
electromagnetic calorimeter allow the use of ‘discrete isolation’ [63]. ‘Discrete
isolation allows jet fragments accompanying candidate particles originating in jets to
be detected individually above some pr threshold. The pr threshold arises from what
can be reconstructed with good efficiency and what does not reject too many photons
or electrons. The same threshold is usually used for both charged tracks and

electromagnetic clusters. However, thisis an arbitrary convenience, one could choose
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two different thresholds. Discrete isolation is more efficient at rejecting jets because
the charged particles, which do not appear next to the original deposit because of the
magnetic field, are included. Neutral particles cannot be tracked but as they follow a
straight path they will appear close to the original deposit and therefore their energy is
summed within the cone. The quantity, pr, rather than p or E, is chosen sinceit isthis
quantity that isrelevant for both the rejection power and the pile-up loss [63].

\,‘ - EM deposit

. .’ isolation region

low pr tracks are not medium pr track rejected
rejected by isolation region by both a gorithms

but rejected by discrete

isolation

Figure 6.2: Diagram to show the principles of discrete isolation.

Discrete isolation provides approximately twice the rejection power, for the same
pile-up loss, as the traditional isolation method [63]. With the large magnetic field in
the CMS detector the traditional method requires a large isolation region rejecting a
lot of the signal because of superimposed background events and noise or a small
isolation region which reduces the elimination of background events because low pr
tracks such as those in the diagram are bent outside the region. Discrete isolation
allows the tracking of such low pr tracks and associating them with the vertex. One of
the advantages of the discrete isolation cut is that one may reasonably assume that
reconstructed tracks and electromagnetic energy deposits can be assigned to a single
bunch crossing, whereas the transverse energy sum of the traditional definition will

almost certainly integrate over more than one crossing.

In its ssimplest form the cut is made on the charged tracks aone, with athreshold of p.
> 2 or 2.5 GeV. Such tracks can be reconstructed with high efficiency and with the

generation of alow number of fake or ghost tracks. It is necessary to assume only a
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modest performance for the central tracker: the ability to find isolated tracks with p; >
2 GeV with an efficiency greater than 95%, and with a generation of isolated ghost
tracks (p; > 2) at alevel of less than 5% compared to real tracks. Apart from these
assumptions, studies using the 4-vector output by Monte Carlo generators such as
PYTHIA [59] (at the particle level) are completely adequate, since the dominant
uncertainties are in the cross section and the fragmentation functions and these cannot
be reduced by more detailed detector simulation.

For this analysis a cone of
AR=AR?+A¢* =07 (6.1)

was used to isolate the photons. Figure 6.3 shows the minimum value of AR for the
track in direct photon events. It demonstrates that cutting at AR = 0.7 will only
remove 8% of the direct photon signal. The aim was to reduce the background while
keeping the losses to the signal below 10%. The effects of using this isolation method
combined with the photon Er cut described in section 6.1 can be seen in Figure 6.4.
This method removes 38% of the background at the same time as only reducing the
signal by 8%. For high luminosity and low cross section processes a cone size of 0.3

would be more usual.

35
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Figure 6.3: Plot of Ry, for direct photon events.

Events/Day/GeV

L‘?, Direct y
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Figure 6.4: The results of using an isolation cone size of 0.7.

6.2.2 7° rejection

The main source of jet background for direct photons is from jets which fragment
with a single n° taking a large fraction of the jet energy. The n°s can be rejected by
detecting the presence of two el ectromagnetic showers rather than one. In the barrel of
the CMS detector this is achieved by cutting on the lateral shower shape in the
crystals. In the endcap the preshower detector is used. Cuts are placed such that there
is 90% efficiency for true single photons[13]. The resulting rejection curves, as a
function of transverse momentum, have different characteristics. The limitation on the
rejection power when using the crystals is the granularity of the crystals. The photons
from an® with pr = 25 GeV have an average separation of approximately 15mm when
they strike the crystals in the barrel. This distance is comparable to the crystal
granularity and hence a large regjection factor is possible. however, the separation
decreases linearly with increasing pr and hence the rejection power drops steeply.
Thisisillustrated in Figure 6.5[13]. In the endcap region the preshower can be used to
give a higher rgjection factor. The preshower has a granularity of 1.9mm which is
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small compared to the decay photon separation over most of the pr range of interest
for much of the endcap region. The preshower consists of

—_

Fraction cut
o
¢

g
[*]
P I

0.4+

A 0.000<Inl <0.457
0.24 ™ 0.457<Inl<1.066
® 1.066<Inl<1.479

0 T T T T T
20 40 60 80

pr (GeV)

Figure 6.5: Fraction of n°s rgjected, using the latera shape of the energy depositsin the
crystals, as afunction of pr, for different 1 regions of the barrel.

a two Xq layer of lead with two layers of scintillator in front of the endcap. The
rejection power of the preshower detector is limited by shower fluctuations. Satellite
deposits away from the shower core may mimic a double shower and regject genuine
photons. The rejection curves that result are fairly flat in pr as can be seen in Figure
6.6 [13].
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Figure 6.6: Variation of n° rejection as a function of E; for three values of 1.
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Figure 6.7: The effects of ° rejection upon the direct photons and the background.

It was assumed that for a given Er and 1 the rgjection was random. This is reasonable
since the regjection depends on the orientation of the two decay photons relative to the
detector. Therefore a parameterised version of these results was put into the detector
simulation. For each n° faking a jet a random number was generated and if it was
higher than the rejection fraction it was accepted. The results of this rejection,
combined only with the Er > 20GeV cut, can be seen in Figure 6.7. The plot shows
that thisisavery effective way of reducing the background.

6.3 Eventswith only one|et.

The next cut to be considered was to exclude events with more than one jet. Figure

6.8 shows the number of jetsin the range 20 < Er < 50 GeV for both direct photon
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and background events. It is clear that cutting on 1 jet will improve the signa to

background ratio.
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Figure 6.8: Number of jetsfor an Er, range between 20 and 50 GeV for direct photon events
and background events.

It can be seen that cutting on events with only one jet will keep approximately 66% of
the direct photon events but will rgject more than 60% of the background. If the event
IS a genuine 2-jet event where one jet fakes a photon we will not see two jets and

therefore cannot reject the event with this cut.

The two main sources of background are initial and final state radiation, where a
genuine photon is produced, and s that fake photons. In CMSJET it is possible to
separate the contributions from each type. Figure 6.9 shows the difference between
background events that are real photons and background events where an° is faking a
photon. It demonstrates that cutting on events with only one jet will remove over two
thirds of the genuine photons. This is very useful as obviously these are not rejected
by the n° cut. This cut also helps to reject many of the events where a n° fakes a
photon, for example, where ani° isisolated from the rest of the jet of which it isa part.

The results of using this cut can be seen in Figure 6.10.
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Figure 6.9 Number of jets for an Er, range between 20 and 50 GeV for background events,

divided between those events that are real photons and the events where ni°s are faking
photons.
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Figure 6.10: Er after cutsto exclude events with more than one jet.
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6.4 Minimum bias

There will be a high rate of soft hadronic interactions, known as minimum bias
events, from the bulk of the proton-proton interactions which do not involve a hard
parton-parton interaction. The pile-up of many soft interactions in the same trigger
gate, due to high luminosity and the extremely small inter-bunch spacing , adds a non
negligible level of noise on top of the more interesting events particularly at high
luminosity. This puts constraints on the level of background rejection that can be
achieved in the analysis. In particular pile-up can limit the effectiveness of the

isolation cuts.

In principle these interactions can arise because a single parton from one beam
scatters against severa different partons from the other beam, or because several
partons from each beam take place in separate 2—2 scatterings. Both of these are
possible but combinatorics tend to favour the latter, which is the mechanism used in
PYTHIA. Using PYTHIA minimum bias events were generated with an Et range of
20-7000 GeV. This corresponds to a total cross section of 1x10° nb. These events
were then put through CMSIET and only those with a jet of at least 5GeV were
written out. At very low luminosity, 10% cm™ s, this cross section means that there
would be 1x10" events every second compared to 60 direct photon events every
second. Of 20,000 events generated only those with at least one jet of Er greater than
5GeV were written out by CMSJET. This corresponds to 10% of those generated. Of
these only 1 in 4 have Ey greater than 20GeV. This is illustrated in Figure 6.11. By
cutting out events that do not have two jets the percentage of the total is reduced to
0.25%. Of these events only approximately 1 in a 1000 will result in minimum bias
events that could cause a problem for this analysis by the jet fragmenting to fake a
photon. Therefore only 25 minimum bias events per second could cause a problem. In
addition, m° rejection eliminates 50% and isolation removes 38%. This reduces the
minimum bias events to 4.6 per second which give a signal/background ratio of 12.
This takes into account the cuts on the direct photons and can be compared with the
ratio for direct photons and 2 jet events of ~2. It has been assumed that all jets of
20GeV or more could fake photons of Er greater than 20GeV but not all of them
would because some energy would be lost to low Er tracks that are not reconstructed.

Although this factor is not quantified it would reduce the signal to background ratio.
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A detailed simulation would need to investigate minimum bias events and will need to
be done when the detector design is finaised. They make a relatively small
contribution to the background so for the analysis described in chapter 7 their

contribution has been neglected.
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Figure 6.11: Minimum bias events — number of jets.

6.5 Conclusion

The signal to background ratio for the 2 jet background is shown in Figure 6.12 for
the range 20 < Er, <50 GeV. Thisrangeis being focused on becauseit isin the lower
Er range that low x gluons are dominant. However trigger considerations mean that it
is not practical to look below an Er of 20 GeV.
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Figure 6.12: Signal to background ratio for events where 20 < Er,< 50 GeV.

109



7 Direct Photons and the Gluon Distribution
7.1 I ntroduction

Previous analyses of deep inelastic scattering (DIS) experiments have obtained
reasonabl e estimates of the parton distribution functions within hadrons. Y et, gluons
enter the DIS process only as second order effects since they do not participate in the
electromagnetic or weak interactions which are the primary processes taking place in
deep inelastic scattering. Their behaviour is only measured indirectly by DIS analysis.
Low x gluons are well measured a low Q* (1 — 10 GeV?) but are not as well
constrained at higher Q. On the other hand, in very high energy pp collisions gluons
have very large contributions, and therefore these provide a good testing ground for
gluon distributions.

In this chapter direct photon events that have been generated using five different

parton distribution functions will be examined.

7.2 The E and then spectrum
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Figure 7.1: Er spectrafor four of the parton distributions in this analysis.
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Figure 7.1 shows the Er spectra, in the range 20 < Er < 50 GeV, for direct photons
produced using the five different parton distribution functions used in this anaysis.
The Er distributions have been normalised to the CTEQ4M parameterisation. It can
be seen from the plot that it is difficult to distinguish between the different
distributions. The best way to obtain information about the gluon distribution is to
study the shape of the m spectrum. The Er distribution has a five to ten %
normalisation uncertainty from the choice of the renormalisation scale u in the QCD
calculation. This can be seen in Figure 7.2. This uncertainty is the same size as the

effect we expect to see from different gluon distributions.
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Figure 7.2: Variation of the theoretical prediction with a change in scale for the central (top)
and forward (bottom) regions of the DO detector [64].
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Plotting the n spectra is dightly more helpful, this is shown in Figure 7.3, and it is
possible to see more separation between the five different parameterisations. The Er

spectrum is flat but there is more shape variation in then plot.
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Figure 7.3. n spectrafor the five different parton distributions.

7.3 Triple Differential Cross Section

Another method is to examine the triple differential cross section. The goa of this
type of direct photon analysis is to help fix the gluon distribution at low x. At given
Er, n of the photon and m of the jet correspond to a given x; and x, of the partonsin
the incoming proton. Hence looking at the cross section in this triple differential form
enables us to separate the contributions to the cross section coming from particular
regions of X. In turn, this enables us to extract the parton distributions. Plotting the
single differential cross section is equivalent to integrating over x; and X, and the
changes due to different gluon distributions at low x are obscured by contributions

from high x gluons.
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Figure 7.4: Triple differential cross section (No. of Events/Day/d°c/dEr, Oy, Oyjer) USING
CTEQ4M for 20< Ey, <30.

Figure 7.5: Triple differential plots for CTEQ4M (top), GRV94HO (middle), MRSG
(bottom) for Er, ranges, 20-30, 30-40 and 40-50.
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Figure 7.4 shows the triple differential cross section for the CTEQ4M
parameterisation and Figure 7.5 shows a similar cross section for all three higher
order structure functions and three different Er, ranges. It is difficult to extract much

useful information from this type of plot.

7.4 Event kinematics.

Because the dominant method of direct photon production at CMSisthat of qg — qy
(QCD Compton scattering), one expects that the gluon distribution of the proton will
affect not only the rate of direct photon production but also the associated kinematics.
This can be demonstrated by considering the collision of two partons which create the
leading order signal of one photon and one jet. Thisisillustrated in Figure 7.6.

Xg= Xq Xg<< Xq/ jet

photon photon

Figure 7.6: Diagram to show thefinal state topology when colliding partons have similar
(Ieft) or very dissimilar (right) momentum fractions.

If the partons are of equal momenta the system will retain its centre of mass back-to-
back nature in the laboratory frame. If one parton is of much greater momentum than
the other, then the system is boosted, as the more energetic parton overwhelms the
softer one, and the final state objects tend to the same side of the event. Since gluons
typically carry much less of the momentum of the proton than do the quarks one
expects that in direct photon production unequal momentum combinations will

114



dominate, and the final state will tend to be boosted in the direction of the incoming
quark.

To increase the sensitivity to gluons at low x it is useful to require that the photon and
the jet are on the same side of the detector. Therefore we define nj« to be positive and

in al subsequent plots ), is positive when on the same side of the detector as 1je.

7.5 Direct photon distributions.

The differences due to the different gluon parameterisations are more obvious if the
triple differential cross section is ‘diced’ in nj«. An example is shown in Figure 7.7

which showsthe dlice for 2.0 < nj« < 2.5 in the range 20 < Er, < 30GeV.
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Figure 7.7. A slicein 1 for the range 20< Er, <30 GeV.
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7.6 Background contributions.

Figure 7.8 shows a dice in nj« for both the signal and the background. As can be seen
the errors on the background are too large for this plot to be useful. This is because
the number of background events generated is too low. It was not feasible to run more
jobs to increase the statistics. CMSJET takes a very long time (two days for 250,000
events) to generate the required number of events. Because only approximately onein
athousand of these events will produce an event where a ni° fakes a photon it takes a
very long time to generate enough to study. In fact, to generate enough events would
take 20 days for each of four pr bins and to do this for two structure functions would
need 160 days of CPU time. A full ssimulation in CMSIM the GEANT based detector
description is not practical at the moment because it would take approximately 10
times more CPU time than CMSJET. Until the detector design is finalised such an

investment of computer time is not warranted.

O Background
A CTEQ4M

No. of Events / d’o/dE; dn, dn.,

Figure 7.8: Signal and background for the CTEQ4M parameterisation.
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In order to determine the feasibility of distinguishing between gluon structure
functions by studying direct photon production a different approach was used. It was
assumed that the fake photon distribution and the jet distribution in QCD 2 jet events
are very similar i.e. that the jets which fragment to n°s have the same Er and 1

spectrum as other jets.
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Figure 7.9: Differencein pr between jetl and jet2 in QCD jet events.

Events were generated in CMSJET and the second jet in each event was designated
to be a fake photon. Figure 7.9 shows the difference between jet 1 and jet 2. Jet 2 has
an average smaler pr, it was assumed that this was because of the loss of
accompanying tracks. These events were then put through the analysis program. This
approach was taken to try and get an idea for what the effects of a high statistics
background would be and whether the analysis is feasible. Table 7.1 shows the user
defined parameters set in PYTHIA and CMSIJET for this estimation of the
background.

117



Parameter Background
Process MSEL =1
QCD jets
Js 14 TeV
p; range /GeV 20-65 in four unequal bins
n range +3
No of events 100000 in each of 4 unequal bins
y search — Er min 20 GeV
—n photon +3
jet pr cut 5GeV
jet energy cut 5GeV
jetn cut +3

Table 7.1: PYTHIA and CMSJIET parameters of background estimation analysis.

These type of background events were generated using both CTEQ4M and
GRV94HO parton distribution functions. The background and the signal were then
added together. Figure 7.10 demonstrates the variation between the two different
parameterisations for six binsin nj¢ from 0 < njg < 0.5t0 2.5 < Mje < 3.0. All six plots

were for the range 20 < Ey, <30 GeV.
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Figure 7.10: Six dlices of the triple differential cross section in ;e (No. of
Events/Day/d°c/dEr, Oy, Oyje).-
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Figure 7.11: CTEQ4M and GRV94HO parameterisations for the range 20 < Er, < 30GeV .

119



Figures 7.11, 7.12, and 7.13 each show two different plots. The first plots clearly
show the separation between the two different structure functions. The second plots
have been normalised to n, = 0 and nj« = O over the range 20 < Ey, < 30GeV. This
has been done to try and eliminate the systematics. After this normalisation the two
structure function parameterisations are closer together but can still be clearly
separated. The dlight ‘hump’ in the negative 1 regions comes from the background

contribution
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Figure 7.12: CTEQ4M and GRV 94HO parameterisations for the range 30 < Er, < 40GeV
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Figure 7.13: CTEQ4M and GRV94HO parameterisations for the range 40 < Er, < 50GeV
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This analysis has been done assuming only one days running at a very low luminosity
(10% cm™ s™h). If direct photons were studied for ten days then the statistical errors
would be reduced by a factor of J10. This is demonstrated in figures 7.14 and
7.15.An increase in statistics would therefore improve the separation between the two

structure functions.
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Figure 7.14: To show the statistical errors after 1 day at aluminosity of 10%2cm? s™
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Figure 7.15: To show the statistical errors after 10 days at aluminosity of 10¥cm?s™
It isnot only statistical errorsthat will limit the measurement accuracy of the parton
distributions. Systematic errors must aso be taken into account. Systematic errors will
arise from every phase of the detector construction and it isimportant to try and

minimise these errors.

7.7 Conclusion

This analysis has been the first study of direct photon production at CMS. It shows
that even after 1 day of running at a very low luminosity differences can be seen
between different parameterisations of the gluon distribution. A longer period of data

taking and therefore higher statistics would improve these results.

It is clear that a detailed study of the background would be essential for this type of
analysis. However, it has been shown that it is difficult to generate sufficient events to
make a reasonable study of the background to this analysis because of the length of
CPU time that would be needed. A collaboration wide dedicated effort is needed to

overcome this computing problem.
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Glossary

Absorption Length The mean free path of a particle undergoing a non-elastic

collision in agiven medium.

Acceptance The acceptance a of an experiment is defined as the average detection

efficiency
ALICE A Large lon Collider Experiment, The collaboration responsible for the

design and construction of the dedicated heavy ion detector for the
LHC accelerator.

ATLAS A Toroida ApparatuS for LHC, one of two general purpose
experiments for the LHC accelerator.

APD Avalanche PhotoDiode, a silicon photo-detector with high internal gain

and low overall noise.
CERN Conseil European pour la Recherche Nucleaire, one of the worlds
largest particle physics research institutes situated in Geneva on the

Swiss/French border.

CMS Compact Muon Solenoid, one of two general purpose experiments for
the LHC accelerator.

Cross Section The cross section, ¢ is defined as a Lorentz invariant measure of the

probability of interactionsin atwo particleinitia state.

DAQ Data AQuisition, a system for reading out, processing and storing data

from a data source such as a HEP experiment.

DME Di-Methyl Ether, gas used in Drift Chambers.
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ECAL

GEANT

HCAL

HERA

Electromagnetic CALorimeter, calorimeter optimised for the detection
of electrons and photons. Such a calorimeter will be designed with
many radiation lengths to fully contain electromagnetic showers but
will be constructed from materials with long interaction lengths to

ensure aminimum of interacting hadronic particles.

A program that describes the passage of elementary particles through
matter.

Hadron CALorimeter, detector optimised for measurement of hadron
energies. Constructed from materials such as iron or lead with very
short interaction lengths, HCALSs force high energy hadrons to shower.
Liquid argon or scintillator is then used to sample the shower at

various depths.

Hadron-Elektron Ring Anlage, an accelerator  colliding
electrons/positrons and protons at DESY in Hamburg.

Hermeticity A term used in calorimeters to describe maximal coverage for

particles under all emission angles, combined with minimal leakage.

Interaction Length A, the interaction length of a material is defined as the mean

LED

free path of a proton between inelastic collisions while traversing that
material.

the gain factor of an APD, the ratio of the ionisation coefficients for

holes to electrons.
Light Emitting Diode, LEDs behave in asimilar manner to normal

diodes except that they light up when sufficient current flows through
them.
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LEP

LHC

Large Electron Positron collider, accelerator currently taking data at
CERN.

Large Hadron Collider, a 14TeV centre of mass proton-proton
accelerator to be built at CERN.

Moliere Radius A characteristic constant of amaterial describing its

MSGC

Pileup

PS

QCD

QED

electromagnetic interaction properties and related to the radiation

length by R = 0.0265X,(Z +1.2)

the atomic number.

with X0 the radiation length and Z

Microstrip Gas Chamber

Background signals which add to observed events, originating in
multiple events that occur in the same time gate as the signa of
interest.

Proton Synchrotron, the first accelerator to be built at CERN, it
successfully accelerated protons up to energies of 24 GeV.

Quantum ChromoDynamics, the theory describing the interactions of

particles governed by the strong force.

Quantum ElectroDynamics, the theory describing the electromagnetic
interactions of electrons and photons.

Radiation Length Xo, the radiation length of a material is defined as the average

distance required for a high energy electron to lose 1/e of its energy
while traversing the material.
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RF

RMS

SMD

SPD

SPS

SUSY

TRIDAQ

VFCAL

Radio Frequency, the electromagnetic fields in RF cavities are used to
accelerate bunches of particles with the same momentum around

circular accelerators.

Root Mean Square, a statistical term referring to normal distributions.
The error on atotal which is calculated from the sum of a number of
uncorrelated values is the square root of the sum of the squares of the

errors on those values.

Silicon Microstrip Detectors, particles passing through the depleted
area between silicon strip and collector create a signal which can then
be read out. Position is only accurately defined in one direction
although charge collection times provide some information as to the

exact impact point.

Silicon Pixel Detectors, particles passing through the depleted area of
one of the very small silicon pixels creates asignal which can then be

read out to provide exact position information.

Super Proton Synchrotron, big brother of the PS accelerator. The SPS
can accelerate protons up to energies of 450GeV .

SuperSY mmetry, an extension to the Standard Model which proposes
partners for each of the Standard Model particles differing by half a

unit of spin.

TRIgger and Date AQuisition, a system that selects then stores
interesting physics events from alarge number of background events.

Very Forward Calorimeter, a radiation hard calorimeter used at high
rapidities.
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